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RESUMEN 
La investigación en ganado porcino se caracteriza por su doble utilidad en Producción 
Animal y como modelo para Medicina Humana. El cerdo es uno de los modelos de 
obesidad más empleados en investigación biomédica, ya que comparte importantes 
similitudes con los seres humanos: hábitos omnívoros, características anatómicas, 
propensión a la conducta sedentaria, tendencia a la obesidad, así como el 
metabolismo de las lipoproteínas. Entre las diferentes razas porcinas, el cerdo Ibérico 
se caracteriza por presentar un polimorfismo en el gen que codifica el receptor de la 
leptina, que constituye un síndrome de “resistencia a la leptina” similar al encontrado 
en humanos y que condiciona su elevada tendencia al engrasamiento y desarrollo de 
obesidad. Estudios recientes realizados en otras especies animales confirman que los 
síndromes de obesidad y alteraciones metabólicas no sólo están modulados por 
caracteres genéticos sino también por modificaciones epigenéticas relacionadas con el 
nivel nutricional de la madre durante la fase prenatal. Este concepto se conoce como 
“Programación del desarrollo” y comprende adaptaciones fisiológicas y metabólicas, 
mediadas epigenéticamente; estas adaptaciones las adquiere el feto durante períodos 
críticos del desarrollo en respuesta a alteraciones en el aporte intrauterino de 
nutrientes esenciales u oxígeno. Estos cambios dan lugar a modificaciones 
permanentes de la estructura y la función de algunos órganos del feto e influyen de 
manera definitiva en las condiciones con las que el individuo se enfrentará a la vida 
extrauterina. Sin embargo, estas adaptaciones, pueden ser negativas, favoreciendo el 
riesgo de contraer ciertas enfermedades durante el desarrollo juvenil y la edad adulta 
cuando la predicción de un ambiente postnatal escaso en recursos nutricionales no es 
acertada; principalmente se han observado enfermedades relacionadas con la 
obesidad y el síndrome metabólico, aunque también se han visto alteraciones en los 
sistemas reproductivo, inmunitario y nervioso. 
El objetivo del presente trabajo consistió en valorar los efectos de la programación 
fetal, en respuesta a cambios en la nutrición materna durante la gestación, sobre el 
metabolismo, desarrollo y composición corporal de la descendencia durante el periodo 
postnatal y hasta alcanzar el peso adulto en el cerdo Ibérico, así como su modulación 
en base al sexo del individuo.  
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Para ello se utilizaron cerdos Ibéricos procedentes de distintos grupos experimentales, 
diferenciados por el plano nutricional de sus madres durante la gestación (alimentadas 
en exceso o en defecto) y por la dieta durante el periodo de crecimiento juvenil.  
Un primer grupo CONTROL se alimentó con una dieta estándar para mantenimiento de 
la gestación, correspondiente al 100% de las necesidades nutricionales requeridas 
durante la gestación. Un segundo grupo, llamado grupo OVERFED (grupo 
sobrealimentado), recibió un 160% de la ración control durante toda la gestación. Un 
tercer grupo, llamado UNDERFED (grupo restringido), recibió un 50% de la ración 
control. Finalmente, el cuarto grupo recibió un 50% de la ración control pero 
exclusivamente durante los dos últimos tercios de gestación; a este grupo se le 
denominó LATE-UNDERFED (grupo tardíamente restringido). 
En estos animales se estudió el desarrollo postnatal mediante técnicas morfométricas 
y el engrasamiento mediante técnicas avanzadas de imagen (ultrasonografía y 
resonancia magnética). Además, se analizaron parámetros bioquímicos relacionados 
con el metabolismo.  
En concreto, se evaluaron mensualmente los cambios en el peso y tamaño corporal (en 
términos de perímetro abdominal, torácico y longitud total, que se utilizaron para el 
cálculo de los índices IMC-1 e IMC-2), en el engrasamiento subcutáneo (determinado 
mediante ultrasonografía en el punto P2) y en parámetros del metabolismo de los 
glúcidos y los lípidos. Además, mediante resonancia magnética, se midió 
bimensualmente la deposición de grasa intraabdominal y subcutánea. 
Para la utilización de la resonancia magnética fue preciso desarrollar previamente un 
protocolo de exploración de las regiones anatómicas de interés (RAIs) y los puntos de 
medición (PMs) más relevantes, y efectuar su validación mediante comparación con 
otras técnicas, tanto no invasivas (ultrasonografía), como invasivas (medición directa 
postmortem); posteriormente se estudió la relación de las mediciones obtenidas 
mediante resonancia magnética con las determinaciones morfométricas clásicas.  
Los resultados de este primer experimento indicaron que las tres RAIs útiles para 
medir ambos tipos de depósito graso (visceral y subcutáneo) se encontraban a la altura 
del pilar diafragmático izquierdo (ya que los animales evaluados se encontraban en 
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decúbito lateral derecho) y a nivel de la segunda y tercera vértebra lumbar. Asimismo, 
se encontraron relaciones significativas entre la cantidad de grasa subcutánea 
acumulada a la altura del pilar diafragmático y la primera y segunda vértebra lumbar y 
los valores de IMC-2, aunque modulada por la edad. En conclusión, la utilización de 
RAIs y PMs identificados en este trabajo evitan la necesidad de realización de un 
examen completo del animal, reduciendo en casi dos tercios el tiempo necesario para 
el estudio de resonancia. Esto supone una mejora obvia en las condiciones de 
bienestar del individuo estudiado y disminuye el coste de la exploración con 
resonancia magnética. 
Una vez puesta a punto, en el segundo y tercer experimento se aplicó de manera 
rutinaria la técnica de resonancia magnética. En el segundo experimento se determinó 
el efecto de la malnutrición materna, por exceso o por defecto y en distintas etapas de 
la gestación, sobre los patrones de crecimiento, adiposidad y características 
metabólicas de la descendencia tras exponer a ésta a un ambiente obesogénico 
durante el periodo de desarrollo juvenil; asimismo, se evaluó el efecto modulador del 
sexo del individuo. En el tercer experimento se llevó a cabo el estudio del desarrollo 
postnatal y las características metabólicas en hembras nacidas de madres con 
restricción nutricional durante los dos últimos tercios de gestación, lo que induciría 
procesos de retraso del crecimiento intrauterino (IUGR por sus iniciales en inglés); en 
este caso, la descendencia fue expuesta a un ambiente postnatal adecuado (con 
alimentación controlada y posibilidad de ejercicio), no obesogénico. 
Los resultados de ambos experimentos muestran que las modificaciones en la 
nutrición materna durante la gestación, ya sea por exceso o por defecto y en 
diferentes momentos de la gestación, producen cambios significativos sobre el 
fenotipo de la descendencia al nacimiento. Sin embargo, este fenotipo está 
fuertemente modulado por la nutrición postnatal, de manera que el consumo de 
dietas hipercalóricas durante el periodo juvenil, durante el proceso de recría o de 
cebo, conlleva un excesivo engrasamiento en estos animales. 
 
En general, individuos procedentes de madres con modificaciones nutricionales, tanto 
por exceso como por defecto durante toda la gestación (lo que incluye el periodo 
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preimplantacional), y sometidos a dietas obesogénicas durante su desarrollo juvenil, 
fueron más corpulentos y pesados, con mayor tendencia al engrasamiento y al 
desarrollo de alteraciones metabólicas (dislipidemia y alteraciones en el metabolismo 
de los glúcidos) que los descendientes de madres control y que los descendientes de 
madres con restricción alimentaria sólo durante el periodo postimplantacional. Sin 
embargo, estos últimos presentaron también una fuerte tendencia al engrasamiento, 
con importantes depósitos grasos subcutáneos y viscerales, y similares alteraciones 
metabólicas. 
En conclusión, los resultados del segundo experimento muestran que la exposición a 
planos inadecuados de nutrición durante el periodo prenatal y la exposición a dietas 
obesogénicas durante el periodo postnatal provocan alteraciones en los patrones de 
desarrollo y engrasamiento y en las características metabólicas, evidenciándose mayor 
deposición grasa visceral e intramuscular u obesidad central y dislipidemia, así como 
alteraciones en el metabolismo glucídico y lipídico. Dichas alteraciones favorecen el 
desarrollo del síndrome metabólico (SM) como consecuencia de fenómenos de 
programación fetal.  
 
En el tercer experimento, en hembras que habían sido sometidas a restricción durante 
el periodo fetal, el aporte de una dieta controlada durante el periodo juvenil indujo 
patrones de crecimiento y engrasamiento similares a los de la descendencia del grupo 
control. Una vez alcanzada la pubertad y la edad adulta, las hembras procedentes de 
gestaciones restringidas presentaron mayor corpulencia y peso que las de las hembras 
de madres control; sin embargo, no se observó un mayor engrasamiento. Es decir, la 
propensión a un mayor engrasamiento de aquellas hembras expuestas a restricción 
prenatal pudo modularse a través del aumento de la actividad física y mediante un 
adecuado manejo nutricional durante el desarrollo postnatal temprano. 
 
En conclusión, el análisis conjunto de los resultados obtenidos en los diferentes 
experimentos indica la fuerte interacción entre las condiciones pre- y postnatales en el 
desarrollo del fenotipo adulto; así, cambios en la alimentación de la madre durante la 
fase prenatal (desnutridas o sobrealimentadas) provocan modificaciones en el 
metabolismo de la descendencia que, sin embargo, pueden ser moduladas en 
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condiciones de nutrición adecuada y posibilidad de ejercicio; un ambiente postnatal 
adecuado evita los altos niveles de engrasamiento, las alteraciones en el metabolismo 
glucídico y lipídico y por tanto, el desarrollo del Síndrome Metabólico. 
 
Estos resultados podrían tener interesantes connotaciones tanto en Producción 
Animal, como en Biomedicina. En el ámbito de la Producción Animal, modificaciones 
en la alimentación de las madres gestantes puede constituir una estrategia de manejo 
ganadero que dé lugar a una progenie más sana, más productiva y a una posible 
mejora de las características de los tejidos (por lo tanto, revalorización de la canal y del 
producto cárnico). En Biomedicina, amplía los conocimientos de la programación del 
desarrollo y permite ratificar al cerdo Ibérico como modelo translacional en este 
campo de la investigación, aportando información encaminada a la mejora de la salud 
y el bienestar en medicina humana. 
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SUMMARY 
 
Research on swine is characterized by its double value, in Animal Production and as a 
model for human medicine. Swine is one of the most important and used models for 
obesity in biomedical research. It shares many important similarities to humans: 
omnivorous habits, anatomical characteristics, propensity to sedentary behavior, 
tendency to obesity and the metabolism paths of lipoproteins. Among the different 
swine breeds, the Iberian one is characterized by having a polymorphism in the gene, 
that codes for the leptin receptor; this polymorphism causes a syndrome of “leptin 
resistance”, which is similar to that found in humans and which determines the lack of 
feeling of satiety, the high tendency to fatness and to the development of obesity that 
we can observe in the Iberian breed. Recent studies performed in other species 
support that the syndrome of obesity and metabolic disorders are modulated by 
genetic characteristics and, furthermore by epigenetic modifications linked to the 
nutritional level of the mother during the pregnancy, in fact, during the prenatal phase 
of the individuals. This concept is known as “Developmental Programming” and 
includes physiological and metabolic epigenetically mediated adjustments and 
adaptation mechanisms; these adaptations are acquired by the fetus during critical 
periods of its development in response to changes in the supply of essential nutrients 
and/or oxygen. These changes give rise to permanent alterations in the structure and 
function of some organs of the fetus and have influence definitively in the conditions 
under which the individual will face life during the extrauterine environment. 
Nevertheless, these adaptations can be a risk factor by themselves for the offspring, 
enhancing the risk for diseases during youthful and adult age, when the fetus is 
prepared to live in a scarce resource environment, but, at the end, this postnatal 
environment presents abundant resources; diseases mainly related to obesity and 
metabolic syndrome, although also alterations in reproductive, immune and nervous 
systems have been linked to these adaptation mechanisms. 
The objective of this work was to assess the effects of fetal programming caused by 
changes in the maternal nutrition level during pregnancy, on the metabolism, 
development and corporal composition of the offspring during the postnatal period, 
  
  
24 
up to the adult stage in the Iberian pig, as well as the possible modulation of these 
effects based on the sex of the individual. 
Therefore, Iberian pigs were included into different experimental groups, 
differentiated by the nutritional level of their mothers during pregnancy (mothers 
were over or underfed) and the diet and environment during the juvenile period. 
The first group of mothers, the CONTROL group, was fed with a standard diet to 
maintain gestation, corresponding to 100% of nutritional requirements. The second 
group, called OVERFED group (group with food in excess), received 160% of the control 
diet throughout gestation. The third group, UNDERFED group received 50% of the 
control diet throughout pregnancy. Finally, the fourth group of mothers, received 50% 
of the control ration, but only during the last two thirds of gestation; this group was 
named LATE-UNDERFED group. 
We explored the postnatal development of the offspring by means of morphometric 
techniques, and the fattening level was studied using advanced imaging techniques 
(ultrasound and magnetic resonance imaging). In addition, biochemical parameters 
related to metabolism (glucose and lipid metabolism) were analyzed. 
In particular, changes in body weight, body size (using abdominal circumference, chest 
and overall length, which were used to calculate the BMI-1 and BMI-2 indexes) were 
evaluated monthly, as well as the subcutaneous fattening (using ultrasonography at 
the point “P2”, which is the standard position to determine fat thickness) and the 
metabolism of carbohydrates and lipids. Additionally, the intra-abdominal and 
subcutaneous fattening level was evaluated bimonthly by magnetic resonance 
imaging. 
To develop the standardization of the use of the magnetic resonance imaging 
approach we required to previously establish a protocol for the exploration of the 
anatomical regions of interest (ARIs), to determine the most relevant points of 
measurement (PMs), and to compare them with the other non-invasive 
(ultrasonography) and invasive (direct post-mortem measurement) techniques, to 
validate the magnetic resonance imaging approach; finally, the measurements 
  
  
25 
obtained through magnetic resonance imaging were compared to those obtained by 
classical morphometric determinations. 
The results of the first experiment indicated that there were three regions useful to 
measure the visceral and subcutaneous fat. These regions were at the level of the left 
diaphragmatic pillar (considering that the animals were placed in the right lateral 
recumbence) and the second and third lumbar vertebra. Significant correlation 
between the subcutaneous fat at the level of the diaphragmatic pillar and the first and 
second lumbar vertebra, as well as the values of BMI-2 were also found, although this 
correlations were modulated by age. In conclusion, the identification of ARIs and the 
points of measurement (PMs) avoided the need of a complete body exploration of 
each animal, what reduced the time per exploration in 66%, therefore, improving the 
well-being of the studied animals and reducing the cost of the resonance magnetic 
imaging approach. 
In the second and third experiments the magnetic resonance imaging approach was 
routinely applied. In the second experiment the effect of the maternal malnutrition 
(over or underfeeding), at different stages of gestation, on patterns of growth, 
adiposity and metabolic characteristics of the offspring, after exposing them to an 
obesogenic postnatal environment was determined; also possible modulator effects by 
the sex of the individual were assessed. 
In the third experiment, we studied the postnatal development and the metabolic 
characteristics of the females born to mothers with nutritional restriction during the 
last two thirds of gestation (LATE-UNDERFED group); the restriction during this 
pregnancy stage would induce intrauterine growth retardation (IUGR) in the fetuses. In 
this experiment the offspring was exposed to a non-obesogenic environment (with 
controlled diet and exercise possibility). 
The results of both experiments show that modifications in maternal nutrition during 
pregnancy, either through over or underfeeding, and at different moments of 
gestation, induce significant changes on the phenotype of the offspring at birth; but 
we also observed that this phenotype is strongly modulated by postnatal nutrition, 
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such that the feeding of high-caloric diets during the juvenile period, triggers an 
excessive fattening in these animals. 
In general, individuals born to over or underfed mothers throughout the whole 
pregnancy (including the preimplantation period), and exposed to obesogenic diets 
during the postnatal life were bigger and heavier and they showed a greater tendency 
to gain weight, and to develop metabolic disorders (modifications in the metabolism of 
carbohydrates and lipids) than the offspring born to control mothers, and when 
compared to the offspring born to mothers underfed just during the 
postimplantational period (LATE-UNDERFED group). Nevertheless, this offspring born 
to late-underfed mothers presented a strong tendency towards fattening, with large 
subcutaneous and visceral fat depots and similar metabolic disorders to that found in 
the offspring born to over and underfed mothers. 
The results of the second experiment show that the exposition to unsuitable levels of 
nutrition during the prenatal period and the exposition to an obesogenic environment 
during the postnatal period cause changes in the developmental patterns, fatness and 
metabolic characteristics, with a higher level of visceral and intramuscular fattening or 
central obesity, dyslipidemia and alterations in glucose and lipid metabolism. These 
changes favor the development of the metabolic syndrome as a direct consequence of 
the developmental programming phenomena. 
In the third experiment, the females born to late-underfed mothers were exposed to a 
non-obesogenic environment (with controlled diet and exercise possibility). These 
females, led to growth and fatness patterns similar to those observed at the offspring 
born to control mothers. Once they went through puberty and into the adulthood, 
they showed greater size and weight than that of females born to control mothers, but 
without a higher fattening level; this is, the propensity to obesity of the females 
exposed to prenatal restriction could be modulated by increasing physical activity and 
by an appropriate nutritional management during the early postnatal development. 
In conclusion, these results achieved in our work show, on the one hand, the strong 
interaction between the pre- and post-natal conditions on the development of the 
adult phenotype; on the other hand, results show that malnutritional circumstances 
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during the prenatal phase (over or underfeeding) cause alterations in the metabolism 
of the offspring, while these changes can be modulated through particular postnatal 
conditions, such as adequate nutrition and exercise possibility, therefore, avoiding the 
metabolic syndrome. 
These results have very interesting direct implications, in both scientific scenes, in 
Animal Production as well as in Biomedical research. In the sense of the Animal 
Production, these modifications in the nutrition of the pregnant mothers could be used 
to design management strategies to favor the development of healthier, more 
productive animals, and to improve the characteristics of their tissues (enhancing the 
value of the carcasses and the meat quality of the products). In Biomedicine research, 
these results increase the knowledge of the developmental programming phenomena 
and they confirm again the high suitability of the Iberian pig as a translational model in 
this field of research, providing information aimed at improving the health and well-
being in human medicine, and hence, in human populations. 
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1. INTRODUCCIÓN 
 
1.1. NUTRICIÓN Y BALANCE ENERGÉTICO 
El control del balance energético y, con ello, el mantenimiento del peso corporal se 
debe a un equilibrio entre el aporte calórico nutricional y el gasto energético. El aporte 
calórico se encuentra determinado por el apetito y la ingesta de alimentos, mientras 
que el gasto energético está determinado por el metabolismo celular. Por ello, la 
conducta alimenticia es de suma relevancia para los seres vivos. Dicha conducta se ha 
visto influenciada por procesos evolutivos y adaptativos que han permitido a los 
organismos desarrollar estrategias para mantener la homeostasis celular.  
Estas estrategias se basan en el control de la ingesta, siendo éste uno de los procesos 
más complejos que tienen lugar en el organismo y un elemento fundamental en la 
regulación del peso corporal. El control de la ingesta se realiza mediante dos procesos 
diferentes. El primero, a corto plazo, depende de las reservas de carbohidratos 
(glucosa [Glu], o su forma polimérica de almacenaje, glucógeno) e impulsa a la 
búsqueda de calorías cuando éstas descienden. El segundo, a más largo plazo, está 
relacionado con los depósitos grasos en del tejido adiposo, promoviendo la ingesta de 
alimento cuando éstos disminuyen. 
Estos procesos son muy complejos e involucran diferentes señales hormonales, 
metabólicas y neuronales que se integran a nivel hipotalámico; por ello, cambios en la 
expresión génica de estos factores clave pueden determinar una predisposición a 
desequilibrios en el balance energético (Cordido, 2003). 
 
MECANISMOS DE REGULACIÓN DE LA INGESTA, GASTO ENERGÉTICO Y DEPOSICIÓN 
GRASA 
La ingesta, desde el punto de vista fisiológico, está regulada por un mecanismo 
complejo que involucra, tanto factores centrales (a nivel de cerebro y médula espinal), 
como periféricos (en casi todos los órganos del cuerpo), y donde intervienen múltiples 
agentes hormonales y neurotransmisores (figura 1).  
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Existen distintos tipos de señales que actúan como aferentes del sistema nervioso 
central (SNC). Entre ellas se encuentran señales de tipo hormonal derivadas del tejido 
adiposo (leptina), del páncreas (insulina) o del tracto digestivo (colecistoquinina [CCK], 
grelina, péptido YY) así como de tipo neuronal (mediadas por el nervio vago). La 
integración de estas señales se produce fundamentalmente a nivel del hipotálamo y 
del núcleo del tracto solitario del bulbo raquídeo, situado en el tronco cerebral. De 
hecho, el núcleo ventromedial del hipotálamo se denomina también “el centro de la 
saciedad”, ya que su estimulación inhibe la ingesta y desencadena respuestas 
catabólicas tales como una activación de la glucogenólisis, disminución de la secreción 
gástrica y aumento de los niveles de ácidos grasos libres y glucagón. En contraste, el 
hipotálamo lateral está involucrado en el estímulo de la ingesta, llamándose también 
“centro de la ingesta”. 
La ingesta se regula por mecanismos de hambre-saciedad, entendiéndose por hambre 
la sensación fisiológica que indica la necesidad de ingerir alimentos, en tanto que 
saciedad es la sensación de no requerir más comida de la ingerida. El hambre está 
regulada por un sistema de múltiples señales periféricas que comunican al cerebro el 
estado energético del organismo. Usualmente, esas señales periféricas se clasifican 
como “efectoras” a medio, largo y corto plazo. A medio y largo plazo, la regulación se 
basa en las reservas energéticas y en la cantidad de energía consumida durante 
periodos prolongados de tiempo, y está mediada principalmente por el tejido adiposo 
a través de hormonas como la leptina y la insulina. La regulación a corto plazo 
involucra factores gastrointestinales físicos (distensión gástrica) y señales hormonales 
(desde el estómago, el intestino, el páncreas y el hígado) en respuesta al contenido 
específico de nutrientes, actuando primariamente como determinantes de la saciedad.  
Las hormonas grelina -estimuladora de la ingesta- y CCK -inhibidora del consumo- son 
dos señales producidas por el tracto gastrointestinal que actúan rápidamente como 
inductoras de la ingesta y de la saciedad postprandial, respectivamente (Cordido, 
2003).  
Las diferentes señales a corto y largo plazo se interconectan entre sí cuando convergen 
en el hipotálamo que es el que finalmente asegura la homeostasis energética. 
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Figura 1. Señales implicadas en la regulación de la ingesta a corto plazo. Desde el estómago e intestino 
las fibras aferentes del nervio vago detectan la distensión gástrica y la presencia de alimento. El intestino 
delgado libera colecistoquinina (CCK) que inhibirá la ingesta enviando señales al cerebro y al torrente 
sanguíneo. Los nutrientes pasan al hígado a través de la vena porta. La glucosa y los cuerpos cetónicos 
actúan sobre neuronas del cerebro interviniendo en el control del nivel de ingesta (Adaptado de Palou y 
col., 2004). 
 
INSULINA 
La insulina interviene en el control y almacenamiento de energía en los animales. La 
insulina (del latín insula, "isla") es una hormona polipeptídica formada por 51 
aminoácidos, producida y secretada por las células-β de los islotes de Langerhans del 
páncreas. Es la hormona "anabólica" por excelencia, permitiendo la incorporación de la 
glucosa plasmática al interior de las células; cuando el nivel de glucosa en sangre es 
alto se libera insulina. Por lo tanto, el nivel de insulina en plasma aumenta 
drásticamente tras la ingesta de alimentos. El glucagón (que sería la hormona de 
función antagónica a la insulina), por el contrario, actúa cuando el nivel de glucosa 
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disminuye. Por su parte, la somatostatina, es la hormona encargada de regular la 
producción y liberación, tanto del glucagón como de la insulina (Cheatham y Kahn, 
1995). La insulina atraviesa la barrera hematoencefálica de forma saturable, a niveles 
proporcionales al de la insulina circulante, actuando en el cerebro como señal; esto 
provoca una disminución de la ingesta y del peso corporal, que conduce, por tanto, a 
cambios en la conducta alimentaria. Además, parece tener un efecto dual, 
dependiendo del tiempo en que permanece elevada. El aumento agudo de su 
concentración en sangre produce hipoglucemia, lo que estimula, a su vez, la ingesta de 
alimentos. Por el contrario, niveles crónicamente elevados de insulina en presencia de 
normo o hiperglucemia, tienden a inhibir la ingesta alimentaria. 
Existen disfunciones del mecanismo insulínico, ya sea por el desarrollo de resistencia a 
la acción de esta hormona o por deficiencia en su producción. El déficit de insulina 
provoca diabetes mellitus (DM) y su exceso o hiperinsulinismo provoca hipoglucemia. 
La resistencia a la insulina (RI) se define como una reducción de la respuesta de los 
tejidos a la acción de la insulina (particularmente a nivel del tejido muscular, hepático 
y adiposo), con una consecuente hiperinsulinemia compensatoria. La RI tiene una base 
genética que determina la sensibilidad tisular a la insulina, sobre la cual inciden 
factores adquiridos como la obesidad y el sedentarismo. En los últimos años, se ha 
demostrado que tanto la hipertrofia como la hiperplasia del tejido adiposo asociadas a 
la obesidad causan hipoxia, estrés oxidativo, estrés del retículo endoplásmico e 
inflamación (Gherlan y col., 2012); alteraciones todas que parecen interferir en la vía 
de señalización de la insulina una vez producido el acoplamiento insulina-receptor. De 
hecho, tanto los ácidos grasos como las citoquinas pro-inflamatorias podrían 
desempeñar un papel más transcendente de lo que se les ha atribuido hasta ahora en 
el desarrollo de la RI y en la resistencia a otras hormonas muy relevantes en el sistema 
de regulación de la ingesta, como la leptina, que tiene acción lipostática al igual que la 
insulina (Ros y Medina-Gómez, 2011).  
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LEPTINA 
La leptina (del griego leptos: delgado), también conocida como proteína OB, se 
produce en los adipocitos y contiene 167 aminoácidos y un péptido-señal de 21 
aminoácidos. Su estructura tridimensional presenta cuatro hélices α y un puente di-
sulfuro entre las cisteínas de la posición 96 y 146, necesario para su actividad biológica 
(Druker, 2005). Fue descubierta en ratones en 1994. Posteriormente, el gen que 
codifica su síntesis en la especie humana (Ob humano) se localizó en el cromosoma 7 
(Zhang y col., 1994). 
Cuando la cantidad de grasa almacenada en los adipocitos aumenta, se libera leptina a 
la sangre. Este mecanismo actúa como un lipostato; así, en situaciones fisiológicas, el 
nivel plasmático de leptina es indicador del engrasamiento corporal (Chilliard y col., 
1998; Blache y col., 2000). La leptina actúa a través de receptores en el hipotálamo, 
controlando en parte la homeostasis energética. Así, cuando el nivel de leptina 
aumenta, el hipotálamo desencadena una serie de efectos compensadores, entre ellos, 
disminución del apetito (por péptidos anorexigénicos), incremento del gasto 
energético (aumentando el metabolismo basal y la temperatura corporal), reducción 
de la lipogénesis y aumento de la lipolisis (figura 2). Sin embargo, en individuos obesos 
se han detectado altas concentraciones de leptina sin desarrollarse estos mecanismos 
compensadores. Esta circunstancia se define como “síndrome de resistencia a la 
leptina” y se relaciona con alteraciones en los receptores hipotalámicos (Druker, 2005). 
Trabajos de Arch y col. (1998) indican que la leptina puede estar elevada en individuos 
obesos, bien por un síndrome de resistencia a la hormona (causa de obesidad) o bien 
debido a una resistencia adquirida, por pérdida de sensibilidad a su acción tras 
periodos prolongados con un nivel plasmático de leptina elevado (consecuencia de la 
obesidad). 
Si la resistencia a la leptina es una de las causas de obesidad, su concentración estará 
aumentada en individuos con predisposición a la obesidad, aun cuando todavía no la 
manifiesten, pero no en individuos sin dicha predisposición. Brunner y col. (1973) 
establecieron la hipótesis de que, en animales genéticamente predispuestos a la 
obesidad, la carencia de leptina o la resistencia a su acción podían ser consideradas la 
causa de la hiperfagia que desarrollan. Y así es, en animales, la disfunción de la leptina 
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(ya sea por deficiencia en la producción de la hormona o en su expresión) desencadena 
hiperfagia y obesidad (Torres-Rovira y col. 2012). 
 
 
 
 
 
 
 
   
 
Figura 2. Esquema representativo de la acción de la leptina. La leptina a través de señales neuronales 
enviadas por el hipotálamo aumenta la tasa metabólica, la temperatura corporal y favorece la lipolisis. 
Así mismo, la leptina disminuye el apetito y la lipogénesis.  
 
La deficiencia de leptina es rara en obesidad humana; sin embargo, pueden existir 
alteraciones a otros niveles, como defectos en la unión de la leptina a su receptor, 
deficiencias en el transporte de la hormona, problemas en la traducción de la señal de 
la leptina una vez acoplada ésta al receptor o defectos en la respuesta neuronal tras la 
activación de la leptina, todos ellos con la misma consecuencia de elevar la tendencia a 
la obesidad (Rosado y col., 2006). 
LEPTINA 
 
HIPOTÁLAMO  
 
 
 
APETITO 
LIPOGÉNESIS 
 
LIPÓLISIS  
 
TASA 
METABÓLICA 
BASAL 
TEMPERATURA 
CORPORAL 
  
  
37 
Existen diversos factores que influyen en la funcionalidad de la leptina; entre ellos, 
destacan: 
1 Variables genéticas: polimorfismos de genes que codifican la leptina o su 
receptor y que se asocian a la obesidad precoz. 
2 Edad: la leptina tiende a reducirse con la edad disminuyendo hasta un 53% en 
los individuos con más de 60 años. 
3 Tipo de obesidad: la obesidad periférica o ginoide está más determinada por la 
concentración de la leptina que la obesidad intraabdominal o androide. 
4 Sexo: las mujeres presentan mayores concentraciones de leptina sérica, debido 
a que presentan un mayor porcentaje de grasa corporal. Así, la leptina juega un 
papel esencial como hormona señalizadora de la masa adiposa, siendo la 
responsable de la relación entre la acumulación de tejido graso previo a la 
menarquía y la fertilidad en las mujeres (Simon, 2002). 
 
1.2. ALTERACIONES EN LA REGULACIÓN DEL BALANCE ENERGÉTICO: OBESIDAD Y 
SÍNDROME METABÓLICO 
 
OBESIDAD 
La obesidad es una enfermedad multifactorial provocada por alteraciones en las vías 
de regulación del apetito y del balance energético, cuyo resultado es un excesivo 
almacenamiento de grasa. 
Actualmente, debido a su elevada incidencia, la obesidad se está convirtiendo en uno 
de los problemas de salud pública más importantes en el mundo, estimando la OMS 
que en el año 2030 la mitad de la población europea podría estar afectada 
(http://www.fecyt.es/especiales/obesidad/5.htm). La obesidad no es un problema sólo 
por sí misma, sino que eleva directamente el riesgo de padecer múltiples 
enfermedades crónicas, entre las que se incluyen varias de las principales causas de 
muerte y discapacidad que existen en los países desarrollados (diabetes, 
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enfermedades cardiovasculares, accidentes cerebrovasculares, hipertensión y algunos 
tipos de cáncer).  
Tradicionalmente, la obesidad se ha asociado a la población adulta; sin embargo, su 
incidencia durante la infancia está aumentando a un ritmo alarmante 
(http://www.who.int/dietphysicalactivity/infancia/es). Además, los niños con 
sobrepeso son propensos a desarrollar obesidad en la edad adulta, presentando una 
mayor incidencia y precocidad de los trastornos asociados a ella, como la diabetes y las 
enfermedades cardiovasculares. Por lo tanto, la investigación en este área del 
conocimiento ha aumentado notablemente en los últimos años, tanto en estudios 
epidemiológicos como intervencionistas. 
Según la distribución corporal de la grasa se distinguen tres tipos de obesidad (Vague y 
col., 1987): 
 
1. La obesidad de distribución homogénea o mixta es aquélla en la que el exceso 
de grasa corporal no presenta predominio en ningún área anatómica concreta. 
2. La obesidad intraabdominal o androide (obesidad visceral) es más frecuente 
en varones y se caracteriza por la acumulación de grasa por encima de las 
caderas. Este tipo de obesidad conlleva una elevada prevalencia de trastornos 
del metabolismo de las grasas, hipertensión arterial, gota, diabetes mellitus 
tipo II y enfermedades coronarias, debido a que el tejido adiposo 
intraabdominal tiene más actividad metabólica que el tejido adiposo de otras 
localizaciones. En este tipo de obesidad, los adipocitos abdominales se 
encuentran hipertrofiados, presentando una lipogénesis y lipolisis superior a lo 
normal. 
3. La obesidad ginoide o glúteo-femoral es el fenotipo femenino y se caracteriza 
por la acumulación de tejido graso en la zona de los glúteos, caderas y región 
fémoro-poplítea. La obesidad ginoide conlleva una elevada prevalencia de 
trastornos circulatorios, respiratorios y mecánicos. 
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Etiología 
La etiología de la obesidad es compleja, ya que es un trastorno multifactorial en el que 
la combinación de factores genéticos y ambientales es determinante para su 
desarrollo. 
 FACTORES GENÉTICOS 
Se han publicado numerosos trabajos que demuestran la heredabilidad de la obesidad, 
relacionándola con causas genéticas; aunque éstas interaccionan con los cambios 
nutricionales y el estilo de vida como factores predisponentes de la misma. Este 
aspecto multifactorial dificulta la identificación exacta de los genes implicados en el 
desarrollo de la obesidad. Así, en medicina humana, se han relacionado con la 
obesidad más de 250 genes (Chagnon y col., 2002; Clement y col., 2002) y se considera 
que aproximadamente un 40-70% de la variación en el índice de masa corporal (IMC) 
puede atribuirse a factores genéticos (Kagawa y col., 2002). Por ello, se puede inferir 
en que hay individuos programados genéticamente para el almacenamiento de grasa. 
Esta programación es difícilmente superable, aunque la interacción entre los factores 
ambientales y los genéticos modula su expresión (Redman y col., 2007). 
Al margen de los factores genéticos cabe destacar la influencia de los factores 
EPIGENÉTICOS, según los cuales el feto, en función del ambiente uterino materno, 
puede aumentar la eficiencia de almacenamiento de nutrientes (“genotipo 
ahorrador”). Por lo tanto, el nivel nutricional y de ingesta materno puede modificar el 
ambiente intrauterino, alterando así la expresión del genoma del feto (Herrera y 
Lindgren, 2010). La programación epigenética también puede ser postnatal, este 
período fundamentalmente incluye el período de lactancia; así, los fetos expuestos a 
ambientes nutricionales adversos (por exceso o por defecto) son capaces de establecer 
respuestas adaptativas en su metabolismo, incrementando o disminuyendo, tanto el 
gasto energético, como la acumulación de sustratos (Patel, 2011).  
 FACTORES AMBIENTALES 
Es bien conocido que el incremento del número de personas que padecen obesidad en 
el mundo desarrollado es, en parte, consecuencia del desarrollo económico, que trae 
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aparejado situaciones como la vida sedentaria o la alimentación hipercalórica y baja en 
nutrientes. Por lo tanto, dentro de los factores causales de la obesidad se incluye la 
influencia medioambiental, destacando principalmente el estado nutricional y la 
actividad física, así como, la interacción entre ambas. 
o Estado nutricional 
Los nutrientes regulan la ingesta a corto plazo dependiendo de su composición y de 
sus propiedades físicas (textura, aroma, sabor, volumen, peso), ya que éstos afectan a 
la intensidad y duración de la sensación de saciedad (Palou y col., 2004). 
Sus efectos se diferencian según el tipo de macronutriente predominante en el 
alimento: 
 Las proteínas son los macronutrientes con mayor poder saciante debido a 
diferentes mecanismos de acción; por un lado, debido a la acción directa de los 
aminoácidos sobre el SNC o sobre receptores hepáticos y de la vena porta; por 
otro, porque inducen la secreción de CCK; finalmente, porque algunos 
aminoácidos son precursores de los neurotransmisores implicados en el control 
central de la ingesta, como la fenilalanina, la caseína o el triptófano que es 
precursor de la serotonina (Gil, 2010).  
 Los hidratos de carbono tienen una capacidad saciante similar a la de las 
proteínas, debido a que desencadenan la secreción de péptidos saciantes (GLP-
1 y amilina) al contactar con los receptores en la mucosa del intestino delgado, 
y al retraso del vaciado gástrico y del tránsito intestinal que provocan (Feinle y 
col., 2002). También existen neuronas hipotalámicas sensibles a la glucosa que 
podrían participar en la regulación de la ingesta (Campfield y col., 1996). 
 Las grasas son el nutriente con menor capacidad saciante (Blundell y col., 1993 
y 1996). Así, el consumo de alimentos ricos en grasas provoca efectos bien 
conocidos sobre el metabolismo, como hiperlipidemia, resistencia a la insulina 
y esteatosis hepática, entre otros. Según el tipo de ácidos grasos podemos 
encontrar diferencias en el poder saciante, siendo los de cadena corta y las 
grasas poliinsaturadas las más saciantes (Alfenas y Mattes, 2003). El contacto 
de la grasa con el intestino estimula la secreción de la apoliproteína AIV (apo-
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AIV) en el propio intestino y en el hipotálamo, que tiene un efecto inhibidor de 
la ingesta a nivel del SNC.  
 
o Actividad física 
El sedentarismo es un factor de creciente incidencia, ya que está asociado a la 
evolución de la sociedad con la aparición de nuevas tecnologías que requieren menor 
ejercicio físico (Wee y col., 1999). 
El ejercicio físico presenta múltiples ventajas en el mantenimiento del equilibrio 
energético: 
- Sensibiliza al adipocito a la acción lipolítica de las catecolaminas y de otras 
hormonas; favoreciéndose por este medio el catabolismo de las grasas. 
- Favorece el metabolismo de los ácidos grasos que se utilizan para responder a 
la demanda de energía. El ejercicio estimula una mayor activación de la enzima 
lipoproteín-lipasa, que a su vez aumenta la tasa de lipolisis. Así, los ácidos 
grasos del tejido adiposo se oxidan para mantener los requerimientos de 
energía durante un largo tiempo, favoreciendo la disminución de la cantidad de 
grasa (tanto a nivel adiposo, como hepático). Por lo tanto, la realización regular 
de ejercicio podría prevenir la tendencia a la obesidad, así como prevenir otras 
enfermedades como la insuficiencia hepática esteatósica (Gauthier y col., 
2004). 
- Reduce la presión arterial (tanto en sujetos sanos como en hipertensos). Así, se 
ha descrito una relación inversamente proporcional entre el grado de ejercicio 
y la presión arterial; sin embargo, la reducción de la tensión arterial sistémica 
sólo se mantiene con la realización de manera rutinaria de ejercicio aeróbico, 
desapareciendo dicha reducción si se abandona la realización de ejercicio 
(Gauthier y col., 2004). 
- Tiene un notable impacto no sólo en el gasto de energía, sino también en la 
regulación del apetito y del balance energético (Hansen y col., 2002), ya que 
tras la realización del ejercicio aumenta la tasa metabólica en reposo hasta un 
10% durante las siguientes 48 horas y disminuye el nivel de grelina acetilada 
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(péptido orexigénico asociado con la homeostasis energética y la tasa 
metabólica en reposo), favoreciendo la pérdida de peso (Lopes y col., 2013). 
 
SÍNDROME METABÓLICO 
Las consecuencias metabólicas de la obesidad son muy importantes y drásticas. Entre 
ellas, una de las principales es la dramática elevación de la predisposición al desarrollo 
del cuadro clínico conocido como Síndrome Metabólico (SM). El SM fue descrito por 
primera vez por Reaven en 1988 y se caracteriza por la presencia de por lo menos tres 
de los cinco síntomas siguientes: obesidad abdominal, resistencia a la insulina (RI), 
intolerancia a la glucosa, dislipidemia e hipertensión arterial sistémica. Entre ellos la 
obesidad abdominal es el factor de riesgo de SM más importante. 
La Asociación Americana de Endocrinólogos Clínicos (American Association of Clinical 
Endocrinologists o AACE) establece una clasificación más estricta. En ella, el 
diagnóstico del SM se basa en la existencia de uno de los parámetros definidos como 
criterios mayores y dos de los establecidos como criterios menores: 
 Criterios mayores: RI (medida por hiperinsulinemia dependiente de los niveles 
de glucosa), acantosis nigricans, obesidad abdominal (circunferencia abdominal 
>102 cm en hombres y >88 cm en mujeres) y dislipidemia (colesterol HDL <45 
mg/dl en mujeres y <35 mg/dl en hombres o triglicéridos TG>150 mg/dl). 
 Criterios menores: hipertensión arterial, intolerancia a la glucosa o diabetes 
mellitus (DM) tipo II, hiperuricemia (exceso de ácido úrico en la sangre), 
hipercoagulabilidad, síndrome de ovario poliquístico, disfunción endotelial, 
microalbuminuria y enfermedad cardiaca coronaria. 
La obesidad tiene un papel transcendental en las alteraciones metabólicas ya que, 
debido al exceso de tejido adiposo, se incrementan los niveles de ácidos grasos de 
forma mantenida. Estos niveles pueden llegar a ser tóxicos para las células-β-
pancreáticas, lo que produce DM tipo II. Además, el aumento del flujo de ácidos grasos 
libres origina una disminución de la sensibilidad hepática a la insulina y un descenso de 
la captación de glucosa por parte de los adipocitos. Por otro lado, el estado de RI 
afecta al músculo, disminuyéndose la captación de glucosa, lo que a su vez favorece la 
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hiperglucemia y el desarrollo de DM. Finalmente, la RI y el hiperinsulinismo, al igual 
que la obesidad visceral, pueden desencadenar per se hipertensión arterial; todo ello 
induce la aparición del SM (Alexander y col., 2003, Serrano, 2005; figura 3). 
 
Figura 3. Esquema representativo de algunos de los mecanismos del desarrollo del SM. SM: Síndrome 
Metabólico; RI: resistencia a la insulina; DM: Diabetes Mellitus; GLU: glucosa.  
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1.3. PROGRAMACIÓN PRENATAL Y POSTNATAL DE LA OBESIDAD Y LAS 
ALTERACIONES METABÓLICAS ASOCIADAS 
 
El desarrollo prenatal, tanto en humanos como en otros mamíferos, depende de un 
aporte adecuado de oxígeno y nutrientes desde la placenta, por lo que la 
programación del desarrollo (pre- y postnatal), como ya se mencionó previamente, es 
un factor predisponente a un adecuado estado físico o, por el contrario, al 
padecimiento de obesidad y otras alteraciones metabólicas. 
En el caso de la especie porcina, el período que comprende desde el día 30 hasta el 40 
de la gestación se considera crítico en este sentido (figura 4), ya que corresponde con 
el periodo de desarrollo embrionario en el que la capacidad uterina ejerce un efecto 
claro sobre la supervivencia de los lechones; en realidad, el desarrollo de los fetos en 
estadios de gestación avanzados depende en parte de la capacidad uterina. Durante 
las primeras etapas de la gestación la tasa de crecimiento fetal es más sensible a una 
adecuada tasa de crecimiento placentario; posteriormente, se relaciona más con 
situaciones de hacinamiento intrauterino (amontonamiento de fetos en el útero sin 
espacio físico suficiente) que dificultan el desarrollo de la unidad feto-placentaria. El 
suministro placentario de nutrientes se relaciona directamente con la alimentación y el 
estado nutricional de la madre por un lado, y con el desarrollo y la funcionalidad 
placentaria, por otro. Por lo tanto, un aumento en la eficacia del suministro de 
nutrientes placentarios podría proteger inicialmente al feto de una limitación posterior 
en el tamaño de la placenta, debido a la falta de espacio. Sin embargo, si el feto no 
recibe un adecuado aporte nutricional, ya sea por deficiencias nutricionales de la 
madre, o bien por insuficiencia placentaria, se produce el llamado retraso del 
crecimiento intrauterino (RCIU), o lo que se conoce con las siglas en inglés IUGR 
(intrauterine growth retardation). Estos fetos, al nacer, se caracterizan por presentar 
un peso y tamaño mucho menor de lo esperado según las características de tiempo de 
desarrollo, especie y raza. 
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Figura 4. Línea cronológica de los eventos durante la gestación porcina. Esquema modificado del libro 
Whittemore y col., 2006. 
 
Se distinguen varios tipos de síndrome de IUGR (Schwarcz y Duverges, 2005):  
1. IUGR simétrico, tipo I, armónico o precoz: es aquél en el cual los segmentos 
corporales del feto (perímetro cefálico, talla y peso corporal) mantienen una 
proporción adecuada. Entre los factores etiológicos están las malformaciones 
congénitas y las infecciones virales y parasitarias, entre otros. 
2. IUGR asimétrico, tipo II, desproporcionado o tardío: es aquél en el que los 
segmentos corporales del feto no mantienen una proporción adecuada. En 
general, existe una reducción predominante de la circunferencia abdominal del 
feto con respecto al diámetro biparietal o al fémur. El perímetro abdominal 
disminuye al afectarse el tejido graso y el hígado, lo que determina la 
disminución del peso. Este tipo de restricción asimétrica se relaciona, con 
frecuencia, con insuficiencia placentaria, que puede ser consecuencia a su vez de 
la hipertensión inducida por el mismo embarazo y que afecta a la circulación 
útero-placentaria por alteraciones vasculares. 
3. IUGR tipo III o semiarmónico: ocurre cuando los mecanismos que ocasionan la 
restricción del crecimiento fetal son mixtos, actuando en la fase relativamente 
inicial de la gestación y siguiendo en la etapa intermedia. El feto presenta en 
estos casos un aspecto hipotrófico (peso menor al percentil 10 de acuerdo a la 
edad gestacional). Es menos frecuente que el resto de tipos de IUGR y se 
produce de forma secundaria a embriopatías infecciosas o tóxicas.  
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1      13-14       30      60      90      114 
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La relevancia clínica de este síndrome de IUGR es clara, ya que estudios de 
seguimiento confirman una mayor incidencia de morbilidad y mortalidad perinatal, así 
como la aparición de complicaciones en fetos y neonatos con IUGR (Ruoti y Ruoti, 
2004). En consecuencia, el desarrollo prenatal es un período crítico, ya que el 
ambiente uterino induce efectos directos y observables en los fetos (síndrome de 
IUGR).  
En el periodo prenatal se programan los mecanismos de regulación del balance 
energético corporal para sobrevivir durante periodos de carencia nutricionales futuros 
(periodos postnatales). Por ello, se plantea la hipótesis de que el aporte nutricional 
materno durante este periodo sea un factor determinante. Este mecanismo adaptativo 
es exitoso cuando coinciden los ambientes pre- y postnatal. Sin embargo, cuando las 
adaptaciones programadas que ocurren durante el periodo prenatal (adaptación a 
ambientes uterinos con aporte nutricional escaso) no coinciden con el ambiente donde 
más tarde se desarrolla el individuo (nace en un ambiente postnatal obesogénico), se 
pueden producir alteraciones metabólicas en el individuo nacido.  
En el proceso que desencadena esta “adaptación” del individuo en su etapa 
embrionaria y fetal participan de manera muy importante mecanismos responsables 
de la programación de la homeostasis del peso corporal. Así pues, determinadas 
circunstancias uterinas pueden desencadenar cambios a largo plazo en la estructura o 
función de un órgano, cambios que conllevarán a modificaciones en el fenotipo adulto 
(obesidad y alteraciones metabólicas); adaptación epigenética que se denomina 
“genotipo ahorrador”. El “genotipo ahorrador” se refiere a un hipotético conjunto de 
alelos en un cierto número de genes, que confiere al individuo una eficiencia extrema 
en la acumulación y/o la utilización del suministro de energía (González-Bulnes y Óvilo, 
2012). Este “epigenotipo ahorrador” se adquiere en condiciones de desnutrición en un 
momento crítico del desarrollo embrionario/fetal. En lo que respecta a la obesidad, 
además, existen otros factores fetales y nutricionales que pueden programar al 
organismo y favorecer acumulación de tejido adiposo, escaso desarrollo de tejido 
muscular y alteraciones cardiometabólicas relacionadas. Situaciones como diabetes 
gestacional, preeclampsia, insuficiencia placentaria, hipertensión arterial materna y 
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sobrealimentación de la madre durante el embarazo son factores de riesgo 
relacionados con el desarrollo de resistencia a la insulina, obesidad y DM en la vida 
postnatal provocados por la programación del desarrollo (López de Blanco y col., 
2013).  
A todo este proceso se le conoce como “Programación prenatal/fetal” o 
“Programación del desarrollo”. 
La “Programación del desarrollo” se refiere a las adaptaciones fisiológicas o 
metabólicas, mediadas epigenéticamente, que adquiere el feto en respuesta a un 
ambiente intrauterino adverso con un pobre o excesivo aporte de nutrientes y 
oxígeno, que sucede en una etapa crítica del desarrollo estructural o funcional de 
ciertos órganos, y que influyen de manera permanente en las condiciones con las que 
el individuo se enfrentará a la vida extrauterina. Las consecuencias de la programación 
del desarrollo están influenciadas por el momento gestacional en el que afectan al 
feto, por el grado de gravedad de la situación, por la duración de las situaciones de 
desequilibrio nutricional, oxidativo u otro, así como por la respuesta adaptativa de la 
madre que puede amortiguar, en parte, este ambiente lesivo para el feto. 
Los mecanismos moleculares subyacentes que provocan las modificaciones 
epigenéticas incluyen, principalmente, metilación del ADN, modificaciones de las 
histonas y remodelación de la cromatina y varios tipos de ARN no codificantes. La 
metilación del ADN tiene un papel fundamental en la regulación de la expresión de los 
genes (Bird, 2002). Los estudios más recientes apuntan a éste como uno de los 
mecanismos principales en la “programación de la obesidad” (Plagemann, 2000 y 
2008; Stoger, 2008). 
Un ejemplo de una posible alteración asociada al IUGR es la modificación en el 
metabolismo de los ácidos grasos, que está directamente implicada en el desarrollo de 
la obesidad, ya que el índice de desaturación se correlaciona con la actividad 
desaturasa de ácidos grasos, principalmente con la enzima 1 estearoil-CoA desaturasa 
(SCD1). Esta enzima es clave en el metabolismo de ácidos grasos, ya que cataliza la 
conversión de ácidos grasos saturados a ácidos grasos monoinsaturados. En individuos 
con obesidad y trastornos metabólicos se ha observado un aumento de la actividad de 
  
  
48 
SCD1, lo que indica una mayor lipogénesis (Poudyal y Brown, 2011; Paillard y col., 
2008). Por ello se está estudiando la determinación del índice de desaturación como 
un posible biomarcador de problemas metabólicos. 
 
1.4. EL CERDO COMO MODELO EN BIOMEDICINA Y PRODUCCIÓN ANIMAL 
 
En la actualidad existe una fuerte necesidad de ampliar los conocimientos sobre la 
ingesta, el metabolismo, el balance energético (incluyendo los mecanismos 
homeostáticos, la regulación del metabolismo y la nutrigenómica), la obesidad 
(predisposición genética, dietética, energética y hormonal) y el SM, por la influencia 
tan negativa que ejerce este último sobre el organismo y para la sociedad en general. 
Para cumplir este objetivo se han empleado diversos modelos animales, cumpliendo 
siempre con el compromiso ético en la labor investigadora (principio de las 3R de 
Russel: alternativas de reemplazo, reducción y refinamiento; Russel y Urch, 1959).  
Los modelos animales más utilizados son los roedores, especialmente la rata y el ratón, 
ya que su obtención y mantenimiento son de bajo coste y tienen un genoma 
totalmente secuenciado y fácilmente modificable mediante ingeniería genética. Sin 
embargo, en ocasiones, resulta difícil extrapolar los resultados obtenidos en roedores 
a los seres humanos, ya que existen grandes diferencias en la regulación del 
metabolismo, alometría (estudio de los cambios que se producen en varias partes de 
un organismo correlacionados con los cambios en el tamaño total) y tasa metabólica 
(Chandrasekera y Pippin, 2013). Por lo tanto, se requieren modelos animales 
diferentes, de mayor tamaño y con mayor similitud metabólica con respecto a la 
especie humana, como conejos, ovinos o suinos. 
El empleo de estos animales más grandes, como el conejo, el cerdo o la oveja, ofrece 
numerosas ventajas, ya que tienen también un genoma conocido, condiciones de 
alojamiento y mantenimiento sencillas, no son demasiado costosos, presentan 
patrones de comportamiento diurnos y un tamaño adecuado para aplicar técnicas de 
imagen convencionales y obtener muestras de sangre y tejidos (Clarke, 2008). 
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MODELOS ANIMALES EMPLEADOS EN EL ESTUDIO DE LA OBESIDAD 
Ratón 
Esta especie se ha utilizado ampliamente como modelo de obesidad ya que sufre una 
incidencia habitual de los síndromes de hiperglucemia, hiperinsulinemia y obesidad; 
las líneas más utilizadas son (Ramos, 1994): 
o El RATÓN OBESO (ob/ob) que presenta una mutación espontánea autosómica 
recesiva con hiperglucemia e hiperinsulinemia leve en individuos notablemente 
obesos 
o El RATÓN DIABÉTICO (db/db) es otro animal con una mutación autosómica 
recesiva que le hace padecer en fases iniciales hiperglucemia para más tarde 
desarrollar hiperinsulinemia, hiperfagia, obesidad y finalmente hipoinsulinemia, 
pérdida de peso y fallecimiento 
o El RATÓN AMARILLO (AY) que se caracteriza por presentar leve intolerancia a la 
Glu y desarrollo de obesidad 
Rata 
Al igual que en los ratones, en las ratas se han seleccionado individuos con mutaciones 
espontáneas que conducen al desarrollo de la obesidad o de patologías como 
hiperglucemia o RI sin obesidad. Además, las ratas también se han utilizado como 
modelos animales para el estudio del SM (Speakman y col., 2008). 
Conejo 
Aunque no refleja la totalidad de las alteraciones metabólicas descritas en el hombre, 
se ha utilizado en diversos estudios como modelo de arterioesclerosis y artrosis, y se 
ha verificado útil como biomodelo de obesidad y de enfermedad endocrina inducida 
mediante la administración de sustancias químicas y métodos quirúrgicos o 
alteraciones dietéticas (Martínez-Calatrava y col., 2011). 
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Oveja 
Utilizada principalmente como modelo productivo, recientemente se han publicado 
estudios en los que se ha empleado como modelo para el estudio de engrasamiento y 
sus consecuencias metabólicas (Tolkamp y col., 2007). A su vez, la oveja es 
especialmente interesante para estudios gestacionales, ya que presenta gestaciones 
mayoritariamente simples (un único feto) y con patrones de desarrollo embrionario y 
fetal y tamaños muy similares a los seres humanos (Barry y Anthony, 2008). Además, la 
desnutrición durante el embarazo en el ganado ovino tiene efectos a largo plazo sobre 
la homeostasis, el sistema endocrino y el sistema cardiovascular de la madre y de las 
crías, al igual que pasa en el ser humano (Tolkamp y col., 2007). 
Cerdo 
La especie porcina comparte varias similitudes con los seres humanos: hábitos 
omnívoros, similitudes anatómicas, propensión a la conducta sedentaria y tendencia a 
la obesidad. Además, posee características similares en el metabolismo de las 
lipoproteínas (Litten-Brown y col., 2010). Por ello, la especie porcina cada vez se utiliza 
más como modelo en investigaciones toxicológicas y farmacológicas, así como para el 
estudio de una serie de enfermedades que incluyen los trastornos metabólicos 
(obesidad y diabetes), el cáncer y el alcoholismo, entre otras.  
Los dos tipos de cerdos utilizados como modelos biomédicos son el cerdo doméstico 
común y el Minipig. Algunas de las ventajas del uso del Minipig en comparación con el 
cerdo doméstico común son su menor tamaño, un crecimiento más lento y un 
genotipo más estudiado (Nunoya y col., 2007). Sin embargo, también presentan 
inconvenientes, fundamentalmente su escasez y su elevado coste. En cambio, los 
cerdos domésticos son más costosos en lo que se refiere a alojamiento, alimentación y 
medicación debido a su tamaño. 
Hasta ahora, los cerdos más utilizados para la investigación de la obesidad y de las 
enfermedades metabólicas han sido los Minipig Göttingen, Yucatán y Ossabaw Island 
(Dwight y col., 2006): 
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o El cerdo MINIPIG GÖTTINGEN se ha utilizado para estudiar aspectos fisiológicos 
de la diabetes y su terapia farmacológica 
o El cerdo MINIPIG YUCATÁN ha desarrollado, debido a su cría selectiva, 
alteraciones en la tolerancia a la glucosa. Las hembras desarrollan rápidamente 
obesidad y RI, adquiriendo hiperinsulinemia, así como hiperglucemia durante la 
gestación y la lactancia. Por ello se trata de una variedad de Minipig valiosa 
para la investigación en este ámbito 
o Los cerdos OSSABAW se cree que son descendientes de cerdos Ibéricos traídos 
de España que escaparon y quedaron aislados en las islas Ossabaw de la costa 
de Georgia. Por lo tanto, esta raza ha vivido en aislamiento genético durante 
siglos y ha sobrevivido con comida abundante en los otoños y hambrunas 
relativas en los inviernos, lo que ha provocado que se hayan seleccionado los 
individuos con "genotipo ahorrador", siendo ésta la razón más probable que 
explique la elevada prevalencia de DM tipo II en ciertas poblaciones de estos 
cerdos. Se ha observado, además, que los cerdos Ossabaw presentan cierta 
resistencia a la insulina, con una menor afinidad de unión de la insulina a las 
enzimas microsomales del hígado en comparación con los cerdos Yorkshire. 
Estos hallazgos han sugerido que el hígado en cerdos Ossabaw es 
moderadamente resistente a la insulina. Finalmente, en estudios recientes, los 
cerdos Ossabaw se han utilizado de manera muy satisfactoria como modelo 
para el estudio del SM (obesidad, resistencia a la insulina, intolerancia a la 
glucosa, dislipidemia e hipertensión), resultando útiles, además, para investigar 
las complicaciones cardiovasculares asociadas a la diabetes sin inducción 
química (Dyson y col., 2006) 
Sin embargo, dentro del grupo de los cerdos domésticos es importante destacar al 
cerdo Ibérico, ya que, debido a su genética y fenotipo, la raza Ibérica se considera un 
modelo animal muy adecuado para el estudio de la base genética de la obesidad, así 
como para el estudio de otros rasgos productivos y reproductivos importantes (Torres-
Rovira y col., 2012). 
Durante la evolución de la raza Ibérica, se han ido seleccionando aquellos genes que 
facilitaban la supervivencia a las condiciones específicas de clima y manejo propias de 
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las zonas adehesadas de la Península Ibérica y promoviendo lentamente los caracteres 
fisiológicos que le atribuyen las características propias al cerdo Ibérico (Alves y col., 
2003). Así, la raza Ibérica ha desarrollado un “genotipo ahorrador” para la adaptación a 
los ciclos estacionales (abundancia en época de montanera) y al hambre (durante los 
veranos) al que está expuesto en su medio ambiente, de ahí que cuando tienen acceso 
a alimento abundante maximicen la ingesta y la acumulación de grasa, lo que les 
permite la supervivencia durante los períodos de escasez de alimento. 
Así, el genotipo Ibérico se caracteriza por una deposición de proteína 
comparativamente menor y una deposición de grasa superior a las observadas en 
cerdos de razas convencionales o mejoradas para Producción Animal (razas blancas), 
altamente seleccionadas para alcanzar ritmos elevados de crecimiento y de deposición 
de proteína (Barea y col., 2007). Esta raza porcina posee un marcado perfil lipogénico y 
una limitada capacidad de crecimiento, definidos por su genotipo. Además, en estos 
cerdos se observan niveles séricos de leptina elevados, lo que podría estar relacionado 
con su mayor nivel de engrasamiento, ya que, como ya se ha mencionado, esta 
hormona se sintetiza en los adipocitos. Aunque la leptina reduce la ingesta, el cerdo 
Ibérico presenta mayor voracidad que el cerdo blanco y un alto potencial para el 
engrasamiento, tanto en el plano subcutáneo, como entre las fibras musculares (Nieto 
y col., 2002). De hecho, la razón de esta “incongruencia” es que el cerdo Ibérico 
presenta un síndrome de resistencia a la leptina debido a un polimorfismo del receptor 
de la leptina, similar al síndrome de resistencia a la leptina descrito en medicina 
humana, que provoca efectos sobre la ingesta de alimentos, el peso corporal y la 
deposición de grasa.  
Por estas razones, el cerdo Ibérico es un modelo translacional de gran utilidad 
biomédica para el estudio de la obesidad y del SM mejorando nuestra comprensión de 
su fisiopatología, así como para el desarrollo de nuevas terapias y estrategias para su 
prevención (Torres-Rovira y col., 2012). 
En cuanto a sus características zootécnicas, el cerdo Ibérico, en comparación con 
cerdos de razas mejoradas para Producción Animal, se caracteriza por tener un bajo 
potencial genético para la deposición de tejido magro, siendo una raza lipogénica con 
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una tasa de crecimiento lento. En los cerdos, como ocurre en otras especies, existen 
muchos factores que influyen en la calidad de la canal, como la raza, la edad y el sexo.  
 RAZA: la principal diferencia entre la carne de cerdo de raza Ibérica y el resto, 
radica en la fracción grasa, que es la fracción más variable y que, aunque es 
altamente dependiente de la alimentación del animal, viene marcada en alto 
grado por el genotipo 
 EDAD: la deposición grasa aumenta con la edad, mientras que la cantidad de 
músculo se mantiene relativamente constante durante toda la vida del animal 
 SEXO: debido al efecto lipogénico y antilipolítico de las hormonas estrogénicas, 
las hembras depositan mayor cantidad de energía en forma de grasa que los 
machos; la diferencia entre sexos en el porcentaje de grasa acumulada se 
acentúa también con la edad (Robina y col., 2013). 
 AMBIENTE PRENATAL: las limitaciones en la nutrición materna durante la 
gestación afectan negativamente el desarrollo fetal en muchas especies. En el 
cerdo, las restricciones en la alimentación de la cerda durante la gestación 
influyen en el peso al nacer de los lechones. Este bajo peso al nacer se relaciona 
con una reducción en el número de fibras musculares secundarias (el tipo de 
fibra muscular que compone la mayor parte del tejido muscular). Por lo tanto, 
cabe esperar modificaciones en la composición de la canal (Karunaratne y col., 
2005) 
 ALIMENTO: la composición de la grasa tisular está determinada 
fundamentalmente por el nivel energético de la ración y más concretamente 
por su composición en ácidos grasos, estando estrechamente relacionada con 
el tipo de pienso y las materias primas utilizadas para su elaboración 
Por todo ello, el estudio de los patrones de crecimiento y acumulación grasa en el 
cerdo, así como del efecto de los factores endógenos y exógenos (genética, edad, 
ambiente y, sobre todo, nutrición) que influyen sobre la adipogénesis, la distribución 
anatómica, la acumulación y la movilización de los depósitos de grasa tienen también 
un gran interés productivo, a fin de mantener ritmos de crecimiento óptimos y 
homogéneos, reduciendo costes de producción sin reducir la calidad del producto 
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final. Por lo tanto, todo este conocimiento resultará útil para el desarrollo de 
estrategias que optimicen la gestión de la producción porcina y de sus productos. 
 
1.5. TÉCNICAS DE IMAGEN NO INVASIVA PARA LA DETERMINACIÓN DE LA GRASA 
CORPORAL 
 
La mayor eficiencia en la producción de la carne de cerdo se obtiene mediante la 
combinación de favorecer un desarrollo rápido, por un lado, y reducir la cantidad total 
de grasa depositada, por otro. Dentro de las formas de deposición de grasa corporal 
que tienen mayor influencia, se encuentran la grasa subcutánea dorsal y la grasa 
intramuscular. En medicina humana, existen distintos tipos de obesidad, con 
acumulación diferenciada de grasa en distintas zonas corporales según el genotipo y el 
sexo, con consecuencias metabólicas y efectos sobre la salud también diferentes. Por 
lo tanto, contar con métodos precisos que permitan determinar la grasa corporal es 
esencial, ya sea para estudios orientados a la producción, o en estudios 
exclusivamente biomédicos centrados en el estudio de la obesidad, el SM y la 
reproducción. 
Los métodos de evaluación de la grasa corporal se pueden agrupar, 
fundamentalmente, en técnicas de medición antropométrica y en otros sistemas, 
como el análisis de la composición corporal o las técnicas de imagen; sin embargo, 
estos últimos, por su complejidad técnica o por su coste económico, suelen utilizarse 
sólo en trabajos experimentales y de investigación.  
Los comités internacionales de expertos recomiendan el empleo de datos 
antropométricos (peso, pliegues cutáneos, perímetro de cintura) para la clasificación 
corporal. Así pues, la antropometría es el método más utilizado, tanto en la práctica 
clínica, como en la investigación epidemiológica por ser un método sencillo y fiable 
(Lohman y col., 1988; González y col., 2000) aunque su precisión en la evaluación de la 
distribución de la grasa es controvertida (Despres y col., 1991). El cálculo del IMC, 
también conocido como Índice de Masa Corporal, Índice de Quetelet o en inglés Body 
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Mass Index (BMI), se considera el método de referencia para el diagnóstico de la 
obesidad. Aunque numerosos estudios han demostrado la aceptable correlación entre 
los valores de IMC y la composición de la grasa corporal, este índice presenta 
limitaciones claras, como que no da ninguna información sobre la distribución de la 
grasa, ni refleja la proporción músculo/grasa (Fernández-Real y col., 2001).  
La distribución de la grasa corporal del sujeto se relaciona con la morbilidad y el riesgo 
cardiovascular. Actualmente se considera que el perímetro de la cintura abdominal es 
un buen indicador de obesidad intraabdominal, siendo mejor predictor de los riesgos 
asociados a la obesidad que el IMC (Pouliot y col., 1994; Salas-Salvadó y col., 2007). 
Los estudios de engrasamiento en porcino se han basado tradicionalmente en la 
estimación subjetiva por palpación, exámenes visuales in vivo y en la observación 
morfológica tras la cirugía o el sacrificio. Estas técnicas han permitido recopilar 
información abundante, pero poco precisa en algunos casos. Además, las técnicas 
quirúrgicas o post-mortem hacen imposible realizar estudios secuenciales en el mismo 
animal. Por lo tanto, la disponibilidad de una técnica de imagen no invasiva que 
permita realizar estudios observacionales, secuenciales, precisos de los cambios 
fenotípicos en el mismo animal constituye un importante avance en este campo. Una 
técnica así mejoraría, además, el bienestar animal, al reducir el número de individuos 
experimentales utilizados y refinar los estudios, ratificando de esta forma el principio 
de las 3Rs previamente mencionado. Una ventaja adicional es que la utilización de las 
mismas técnicas de diagnóstico que se utilizan en la práctica clínica humana en la 
investigación con modelos animales eleva el potencial translacional de estos estudios. 
Actualmente existen numerosos trabajos que describen el uso de técnicas de imagen 
no invasivas para investigar la composición corporal in vivo. Estas técnicas están 
enfocadas a la elección de los parámetros óptimos que permiten poder realizar 
mediciones sobre la imagen, aplicando después métodos de análisis cuantitativo. Este 
tipo de estudios se han llevado a cabo en perros (Ishioka y col., 2005), pollos (Scollan y 
col., 1998), patos (Davenel y col., 2000), ovejas (Fowler y col., 1990) y cerdos (Fowler y 
col., 1992). 
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En el caso concreto del cerdo se ha descrito la utilización de la ultrasonografía, la 
tomografía computarizada (TC) y la resonancia magnética (RM) para valorar de forma 
precisa la grasa subcutánea (Szabo y col., 1999). 
 
ULTRASONOGRAFÍA 
La ultrasonografía es una técnica de imagen no invasiva, sencilla y accesible, que no 
utiliza radiaciones ionizantes, sin efectos biológicos adversos, y que permite la 
evaluación de un gran número de estructuras corporales. Se basa en la obtención de 
imágenes mediante la producción de pulsos de ondas ultrasónicas y el procesamiento 
de los ecos reflejados por las estructuras corporales. 
Entre las múltiples aplicaciones de esta técnica destaca el diagnóstico clínico, pero 
también su utilidad en el ámbito de la investigación y en el de la Producción Animal. La 
ultrasonografía se utiliza comúnmente en el campo, en explotaciones comerciales, 
como herramienta de diagnóstico ginecológico y para la determinación de la cobertura 
de grasa subcutánea, así como de la profundidad y el área del lomo (Szabo y col., 1999) 
de una manera rápida y sencilla sin necesidad de inmovilizar al animal o usar anestesia. 
El punto más utilizado en el cerdo para realizar las mediciones de espesor de la grasa 
subcutánea es el denominado “P2”, situado a 5-7 cm de la línea media del dorso, a la 
altura de la cabeza de la última costilla. Corresponde al valor medio del espesor de 
grasa dorsal subcutánea entre los sectores dorsal, lumbar y caudal del animal. Su 
elección viene dada en parte por la tradición, ya que anteriormente, este mismo punto 
se evaluaba mediante palpación. La ultrasonografía supuso un gran avance, y dado su 
bajo coste y fácil aplicación, se ha convertido en la técnica de elección para la medición 
de la grasa subcutánea en Producción Animal. Hay que destacar que, aunque hasta 
ahora no existen datos objetivos que sustenten que el punto P2 es el más preciso para 
la medición en el cerdo Ibérico, en la práctica se sigue utilizando éste como medida 
fiable (Amdi y col., 2014). 
En la última década se ha comenzado a investigar el uso de la ultrasonografía 
abdominal para la estimación de la cantidad de la grasa intraabdominal, aunque hay 
una variabilidad considerable en las regiones anatómicas descritas para realizar la 
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medición, por lo que se necesitan más estudios y estandarización del punto de 
medición más óptimo (Stolk y col., 2001; Soo y col., 2004; Semiz y col., 2007). 
Finalmente, otra aplicación de la ultrasonografía descrita en los últimos años es el 
estudio de la grasa intramuscular; aunque requiere equipos más sofisticados, y aún se 
encuentra en vías de investigación (Aass y col., 2009; Lakshmanan y col. 2012). 
 
TOMOGRAFÍA COMPUTARIZADA 
La tomografía computarizada (TC) o tomografía axial computarizada (TAC) es una 
modalidad de diagnóstico por imagen mediante la cual se obtienen imágenes 
tomográficas, es decir, que representan cortes anatómicos del paciente. Se emplean 
rayos X a dosis elevadas, por lo que se deben tener en cuenta los efectos nocivos que 
producen. Los equipos tecnológicamente más avanzados permiten realizar un examen 
de cuerpo entero de un paciente en tan sólo unos segundos.  
La TC ofrece la posibilidad de realizar mediciones muy exactas de la grasa abdominal, 
por lo que se ha utilizado, tanto en humanos como en diversos modelos animales 
(ratones, cerdos y perros, entre otros), habiéndose validado su efectividad y precisión 
en la cuantificación de este tipo de grasa (Hillebrand y col., 2009; Val-Laillet y col. 
2010; Ishioka y col., 2005). 
En medicina humana se ha establecido un corte estándar para evaluar la cantidad de 
grasa visceral, que se sitúa a la altura de la vértebra lumbar L4. La cantidad de grasa 
visceral y de la grasa total se obtiene en centímetros cuadrados, considerándose 
dentro de la normalidad cifras inferiores a 150 cm2 para la población caucásica (Ryo y 
col., 1999). También se han realizado estudios de la grasa corporal evaluada mediante 
TC en cerdos, en los que se ha validado su precisión correlacionando las medidas 
obtenidas en las imágenes con los datos post-mortem (Val-Laillet y col., 2010). 
La principal ventaja de la TC frente a otras técnicas de imagen es la corta duración del 
estudio, notablemente inferior a la de una exploración de RM, por lo que el riesgo 
anestésico, así como los artefactos en la imagen producidos por los movimientos 
respiratorios o intestinales se reducen de forma considerable.  
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Los principales inconvenientes del uso de la TC son el alto coste económico de los 
equipos y la exposición a la radiación ionizante. Kvist y cols. (1986) establecieron que la 
dosis que recibe la superficie de la piel en cada corte era de 25-50 mSv, dosis 
equivalente a 22 exploraciones de 4,2 mSv (o lo que es lo mismo, lo que equivaldría a 
aproximadamente 22 exploraciones radiográficas). Esta elevada exposición a la 
radiación convierte a la TC en una técnica inaceptable para desarrollar determinados 
estudios. Además, algunos de los artefactos que pueden aparecer en las imágenes de 
TC, como los causados por la radiación dispersa o los artefactos de endurecimiento del 
haz causados por el tejido óseo, pueden afectar a la precisión de las mediciones en 
algunos casos (Seidell y col., 1990).  
 
RESONANCIA MAGNÉTICA 
La resonancia magnética (RM) es un fenómeno físico por el cual ciertas partículas 
como los electrones, los protones y los núcleos atómicos absorben selectivamente 
energía de radiofrecuencia al ser colocados bajo un potente campo magnético. Una 
vez que los núcleos han absorbido energía, devuelven el exceso energético mediante 
una liberación de ondas de radiofrecuencia. Esta liberación induce una señal eléctrica 
que, tratada convenientemente con un sistema informático, se traduce en una imagen, 
en un análisis espectrométrico o en una combinación de ambos (Stark y Bradley, 
1999). 
La magnitud de un campo magnético se mide en gauss (G) o teslas (T). El campo 
magnético de la tierra, por ejemplo, es de 0,5G y 1T equivale a 10.000G. Los imanes 
empleados en la práctica clínica para realizar exámenes de RM son de magnitudes que 
oscilan desde 0,1T hasta 3T (denominados de bajo campo que incluyen valores de 0,1 a 
0,6T y los de alto campo a partir de 0,6T). A mayor magnitud de campo en un equipo 
de RM, mayor es la resolución de las imágenes y más rápida la obtención de las 
mismas. 
Aunque hay muchos núcleos que presentan el fenómeno de resonancia, el que más se 
utiliza en la práctica clínica es el de hidrógeno, por ser el más abundante en los tejidos 
biológicos. 
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La señal generada por el paciente contiene información sobre cuatro parámetros 
fundamentales: densidad de protones, tiempo T1, tiempo T2 y tiempo T2*. Los 
tiempos T1, T2 y T2* están relacionados con el proceso de excitación y relajación de 
los protones del paciente. La imagen final de RM resulta de la combinación de estos 
parámetros.  
Las ondas de radiofrecuencia se emiten en forma de pulsos, y éstos se pueden enviar 
de diferentes maneras. Los diferentes protocolos de emisión de pulsos de 
radiofrecuencia se denominan secuencias, y éstas, básicamente, pueden estar 
potenciadas en los parámetros antes mencionados: densidad protónica, T1, T2 o T2*.  
Las secuencias más empleadas en la práctica clínica son las potenciadas en T1 y las 
potenciadas en T2. En general, las primeras ofrecen mayor detalle anatómico, 
presentando un excelente contraste entre los distintos tejidos blandos, y las segundas, 
en cambio, tienen mayor sensibilidad para la detección de lesiones.  
Las secuencias potenciadas en T1 y T2 clásicas muestran la grasa como un tejido 
brillante (hiperintenso), que contrasta perfectamente con el músculo y las distintas 
vísceras, que aparecen con distintos tonos de gris (hipointensas; Gavin y Bagley, 2009).  
Como principales VENTAJAS de la RM frente a otras técnicas de imagen destacan: 
 La obtención de imágenes se realiza de manera no invasiva y no tiene efectos 
nocivos para el paciente ni para los operadores 
 Permite obtener imágenes tomográficas en cualquier dirección del espacio 
(capacidad multiplanar directa) con campos de visión variables y situados en 
cualquier punto de organismo 
 Presenta una elevada resolución de contraste, en especial de los tejidos 
blandos 
 El empleo de distintas secuencias en un mismo paciente aporta información 
anatómica y diagnóstica complementaria, aumentando su capacidad 
diagnóstica de manera significativa en comparación con otras técnicas de 
imagen 
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Las principales DESVENTAJAS de la RM incluyen: 
 El elevado coste de los equipos 
 Elevado coste de operación y mantenimiento 
 Tamaño del imán, limitado para investigación con animales de grandes 
dimensiones 
 Tiempo necesario para realizar la exploración del cuerpo entero, que puede ser 
muy prolongado, aunque los equipos de última generación incorporan 
secuencias ultra-rápidas 
 Medidas de precaución que es necesario tomar al utilizar un campo magnético 
de potencia muy elevada (p.ej. no introducción de metales ferromagnéticos en 
la sala, limitación del acceso de personas con marcapasos, etc.) 
La enorme versatilidad de esta técnica permite la investigación de aspectos tan 
diversos como la estructura tridimensional y dinámica de macromoléculas biológicas, 
el estudio de la anatomía normal y patológica en seres humanos y modelos animales, o 
el seguimiento in vivo de rutas metabólicas y su regulación. Los avances más 
importantes en estos últimos años llevan a la RM a sobrepasar el campo de la imagen 
morfológica para añadirle información fisiológica y bioquímica. Asimismo, la rapidez de 
adquisición de imágenes en los equipos actuales más avanzados ha permitido la 
realización de estudios dinámicos o funcionales, que han supuesto un importante 
avance diagnóstico en campos como la neurología, la cardiología, la gastroenterología 
o la medicina vascular (Li y col., 2014). 
Por último, cabe destacar que la RM se ha empleado en investigación para el estudio 
de la obesidad, tanto en medicina humana (Concepción y col., 2001; Ross y col., 1993), 
como en diversos modelos animales, entre ellos el ratón (Ishikawa y Koga, 1998), la 
rata (Tang y col., 2002) y el cerdo (Fowler y col., 1992). 
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2. JUSTIFICACIÓN Y OBJETIVOS 
En este trabajo, con el objetivo final de estudiar los efectos de programación prenatal 
en respuesta a cambios en la nutrición materna durante la gestación sobre el fenotipo 
de la descendencia, se han establecido los siguientes objetivos: 
 
2.1. OBJETIVO 1 
Determinar la utilidad de la resonancia magnética como herramienta para la 
evaluación de la grasa subcutánea y visceral en estudios longitudinales, en un modelo 
porcino de obesidad (cerdo Ibérico), estableciendo las regiones anatómicas de interés 
y puntos de medición óptimos para diseñar un protocolo de exploración adecuado y 
representativo que optimice el tiempo y el coste de adquisición de datos. 
2.2. OBJETIVO 2 
Determinar en el cerdo Ibérico los efectos de la malnutrición materna, por defecto o 
exceso y en diferentes momentos de gestación, y del sexo del individuo sobre su 
desarrollo postnatal y su fenotipo adulto, mediante el estudio de sus patrones de 
crecimiento, adiposidad, y características metabólicas cuando se expone a la 
descendencia a un ambiente postnatal obesogénico. 
2.3. OBJETIVO 3 
Determinar, en el cerdo Ibérico, los efectos de restricción alimentaria materna sobre la 
expresión génica, los patrones de crecimiento, el estado metabólico y las 
características reproductivas durante la etapa juvenil y adulta en hembras expuestas a 
un ambiente postnatal controlado, tanto en el ámbito nutricional como en la 
realización de ejercicio. 
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3. DESARROLLO EXPERIMENTAL 
En el desarrollo de esta Tesis Doctoral se contemplaron tres protocolos 
experimentales. El primero de ellos (Experimento 1) tenía como objetivo determinar la 
utilidad de la resonancia magnética como herramienta de evaluación de la grasa 
subcutánea y visceral, estableciendo las regiones anatómicas de interés y los puntos de 
medición más adecuados para la valoración del engrasamiento durante el desarrollo 
postnatal. El segundo y tercero (Experimentos 2 y 3) tuvieron como objetivo valorar los 
efectos relativos a la nutrición materna durante la gestación y de la dieta sobre el 
desarrollo corporal, el engrasamiento y el metabolismo durante el periodo de 
crecimiento postnatal. 
Para ello, se utilizaron un total de 96 cerdos de raza Ibérica y variedad Torbiscal, en 
perfecto estado sanitario, procedentes del rebaño experimental del INIA situado en las 
instalaciones del CIA Dehesón del Encinar (Toledo, España). Estos animales, durante el 
periodo experimental, fueron trasladados y alojados en corrales colectivos situados en 
las instalaciones de la Granja Animalario del Departamento de Reproducción Animal 
del INIA (Madrid, España). Estas instalaciones cumplen la normativa española y de la 
Unión Europea (Real Decreto sobre Protección de Animales de Experimentación 
RD1201/05, que transpone la Directiva europea 86/609). Los protocolos 
experimentales utilizados para el desarrollo de esta Tesis Doctoral fueron evaluados y 
aprobados por el Comité de Ética del INIA (informe CEEA 2010/003). 
En estas instalaciones los animales tenían libre acceso al agua de bebida y fueron 
alimentados con dietas a base de cereales, específicas según el protocolo experimental 
en que se encuadraron y que se detallan en los siguientes apartados. 
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3.1. EXPERIMENTO 1: UTILIDAD DE LA RESONANCIA MAGNÉTICA Y SELECCIÓN DE LAS 
REGIONES DE INTERÉS Y PUNTOS DE MEDICIÓN MÁS ADECUADOS EN ESTUDIOS 
LONGITUDINALES DE ENGRASAMIENTO 
 
ANIMALES Y MANEJO 
En este experimento se utilizaron 10 cerdos Ibéricos, 5 machos y 5 hembras, con una 
edad media de 4 meses en el inicio del ensayo. En ese momento, el peso medio era 48 
kg (rango de 37 a 51 kg) y el espesor medio de grasa subcutánea era 18 mm (rango de 
15,1 a 22,5 mm). Hasta los 8 meses de edad recibieron una dieta ad libitum con valores 
medios de 89,8% de materia seca, 15,1% de proteína cruda y 6,3% de grasa, con el 
objetivo de inducir su engrasamiento. En el momento final del estudio (8 meses de 
edad), los animales alcanzaron un peso medio de 134 kg (rango de 113,0 a 139,5 kg) y 
un espesor de grasa dorsal de 48 mm (rango de 33,4 a 52,7 mm). 
El estudio de la utilidad de la RM y la determinación de las regiones y puntos de 
observación más adecuados fue realizado a los 4, 6 y 8 meses de edad. 
 
TOMA DE DATOS 
Los exámenes de RM se realizaron con un equipo de bajo campo magnético Panorama 
0.23T (Philips Medical Systems, Best, Holanda), ubicado en el Hospital Clínico 
Veterinario Complutense. Los estudios se realizaron bajo anestesia general inhalatoria 
para reducir al mínimo el estrés de los animales y los movimientos respiratorios. La 
duración media de cada exploración completa fue de 35 minutos. Las imágenes fueron 
obtenidas en el plano transversal y fueron analizadas siempre por la misma persona, 
que examinó en todos los casos la zona correspondiente al lado izquierdo del animal 
utilizando el programa informático Philips ViewForum R6.3V1L3 (Philips Medical 
Systems). La determinación de las “Regiones Anatómicas de Interés” (RAI) se basó en 
la identificación de estructuras anatómicas fácilmente reconocibles en diferentes 
individuos y en diferentes edades. La determinación de los “Puntos de Medición más 
adecuados en cada Región de Interés” se basó en la identificación de zonas adecuadas 
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para la medición del espesor de la grasa subcutánea y del área de los depósitos de 
grasa visceral. 
Previamente a cada examen de RM, los animales se pesaron y se tomaron las medidas 
morfométricas (longitud corporal, circunferencia torácica -CT- y circunferencia 
abdominal -CA-). Estos valores se utilizaron para la determinación del Índice de Masa 
Corporal 1 o IMC-1 [cociente entre el peso (kg) y la longitud corporal al cuadrado (m2), 
fórmula extrapolada de medicina humana] e IMC-2 [cociente entre el peso (kg) y el 
volumen corporal (m3)]. Asimismo, se valoró el espesor de la capa de grasa subcutánea 
a nivel de la cabeza de la última costilla usando un ecógrafo SonoSite S-Series 
equipado con una sonda lineal multifrecuencia de 5—8 MHz (SonoSite Inc., Bothell, 
EE.UU.). 
 
ANÁLISIS ESTADÍSTICO 
La determinación de las Regiones Anatómicas de Interés y los Puntos de Medición más 
adecuados se llevó a cabo calculando los Coeficientes de Variación (CV) en diferentes 
individuos y edades; un CV ≤ 0,4 se consideró indicativo de una alta fiabilidad. Además, 
la consistencia de cada Punto de Medición se analizó mediante el coeficiente α de 
Cronbach (CαC); considerándose un CαC ≥ 0,7 indicativo de una alta fiabilidad. La 
selección de las Regiones Anatómicas de Interés y los Puntos de Medición más 
adecuados se basó, en primer lugar, en una combinación de ambos parámetros. 
Posteriormente, se valoró su consistencia a lo largo del tiempo mediante test de 
Duncan y análisis de varianza para medidas repetidas (split-plot ANOVA). 
Finalmente, la capacidad predictiva de cada Punto de Medición se determinó, 
mediante análisis de correlación de Pearson, por comparación con los valores de peso, 
circunferencias torácica y abdominal, índices IMC-1 e IMC-2 y contenido de grasa 
subcutánea valorado tanto por ultrasonografía como ex vivo.  
En todos los casos, los resultados se expresaron como media ± error estándar de la 
media (e.s.m.) y las diferencias se consideraron estadísticamente significativas a partir 
de P<0,05. 
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RESULTADOS 
Fiabilidad de las mediciones 
Existieron, en general, escasas dificultades en la realización de las medidas salvo las 
producidas por la influencia de los artefactos de imagen y de movimiento. Éstos se 
produjeron principalmente a los 8 meses de edad debido al gran tamaño de los 
animales, lo que originaba artefactos principalmente a la altura de la columna 
vertebral, y representaron un 3,42% del total de las medidas realizadas. 
 
Determinación de las Regiones Anatómicas de Interés (RAI) y Puntos de Medición 
más adecuados (PM) para la evaluación de la grasa subcutánea y visceral 
Para realizar las mediciones de grasa subcutánea e intraabdominal se seleccionaron 
ocho RAI en cada exploración, basadas en la identificación de referencias anatómicas 
fáciles de identificar y repetibles en cada animal y en cada exploración (figura 5). Cinco 
RAI se situaron en la región torácica (secciones transversales desde el borde craneal de 
la escápula hasta el margen craneal del pilar diafragmático izquierdo, denominadas RAI 
de la 1 a la 5) mientras que en el abdomen se identificaron tres RAI (cortes 
transversales desde la apófisis transversa de la primera vértebra lumbar hasta la 
tercera vértebra lumbar, denominadas RAI de la 6 a la 8). En cada una de estas RAI se 
realizó un número variable de medidas de la grasa subcutánea y visceral (PM). 
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CORTE REGIÓN ANATÓMICA DE 
SELECCIÓN DE CORTE 
MEDIDA REGIÓN ANATÓMICA DE 
REFERENCIA DE SELECCIÓN DE 
MEDIDA 
 
1 
 
 
Escápula, visualización de la unión de 
la espina de la escápula con el borde 
craneal de la misma 
 
A Línea tangencial a la unión de la 
espina con el borde craneal de la 
escápula y a continuación línea 
perpendicular en el punto de unión, 
con un ángulo de aproximadamente 
90º 
B Máximo espesor de grasa entre los 
puntos 1A y 1C con un ángulo de 90º 
respecto a la pared torácica 
C Línea horizontal entre la tráquea y la 
aorta 
 
2 
 
 
 
Prebifurcación traqueal 
 
 
 
 
 
A Línea tangencial al músculo trapecio 
y establecer las tres primeras medidas 
con un ángulo de aproximadamente 
90º respecto a la línea tangencial 
Desde músculo dorsal ancho hasta 
músculo romboideo 
B Desde músculo romboideo hasta 
trapecio 
C Desde músculo trapecio hasta piel 
D Máximo espesor entre 2C y 2 E, con 
un ángulo de aproximadamente 90º 
respecto a la pared torácica 
E Espesor de grasa a la altura de la zona 
de contacto de la tráquea y la aorta y 
con un ángulo de aproximadamente 
90º respecto de la pared torácica 
 
Figura 5(I). Referencias anatómicas para la realización de las mediciones para la determinación de las 
regiones anatómicas de interés (RAI) y Puntos de Medición más adecuados (PM) para la evaluación de 
la grasa subcutánea y visceral en cerdos Ibéricos mediante resonancia magnética. 
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CORTE REGIÓN ANATÓMICA DE 
SELECCIÓN DE CORTE 
MEDIDA REGIÓN ANATÓMICA DE 
REFERENCIA DE SELECCIÓN DE 
MEDIDA 
 
3 
 
 
 
 
 
Borde caudal del músculo romboideo 
 
 
 
A Línea tangencial al músculo dorsal 
ancho y a continuación trazar línea 
perpendicular con un ángulo de 
aproximadamente 90º. Medición 
entre músculos espinal y semiespinal 
del tórax y cuello y el dorsal ancho 
hasta músculo trapecio 
B Desde músculo trapecio hasta 
superficie cutánea 
C Entre músculo dorsal ancho e 
ileocostal hasta músculo serrato 
dorsal craneal 
D Desde músculo serrato dorsal craneal 
hasta músculo dorsal ancho 
E Desde músculo dorsal ancho hasta 
superficie cutánea 
F Espesor de grasa a la altura de la 
salida de la aorta, desde costilla hasta 
músculo dorsal ancho 
G Desde músculo dorsal ancho hasta 
superficie cutánea, con un ángulo de 
aproximadamente 90º respecto a la 
pared torácica 
 
4 
 
 
 
 
 
Final de trapecio 
 
 
 
A Línea tangencial al músculo espinal y 
semiespinal y a continuación línea 
perpendicular con un ángulo de 
aproximadamente 90º 
Desde músculo espinal semiespinal 
del tórax y cuello hasta superficie 
cutánea 
B Entre músculo dorsal largo e 
ileocostal hasta músculo dorsal ancho 
C Desde músculo dorsal ancho hasta 
superficie cutánea. 
D Línea horizontal tomando como 
referencia el centro de la imagen. 
Desde costilla hasta músculo dorsal 
ancho. 
E Desde el músculo dorsal ancho hasta 
la superficie cutánea. 
Figura 5(II). Referencias anatómicas para la realización de las mediciones para la determinación de las 
regiones anatómicas de interés (RAI) y Puntos de Medición más adecuados (PM) para la evaluación de 
la grasa subcutánea y visceral en cerdos Ibéricos mediante resonancia magnética  
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CORTE REGIÓN ANATÓMICA DE 
SELECCIÓN DE CORTE 
MEDIDA REGIÓN ANATÓMICA DE 
REFERENCIA DE SELECCIÓN DE 
MEDIDA 
 
5 
 
 
Margen craneal de pilar diafragmático 
izquierdo 
 
 
A Línea tangencial al músculo 
longísimo lumbar y a continuación 
línea perpendicular con un ángulo de 
aproximadamente 90º 
Desde músculo longísimo lumbar 
hasta superficie cutánea 
B Entre músculo longísimo lumbar e 
ileocostal hasta superficie cutánea 
C Máximo espesor entre medida 5B y 
5D desde costilla hasta superficie 
cutánea, siguiendo ángulo de 
aproximadamente 90º con respecto a 
la pared abdominal 
D Línea horizontal aproximadamente 
entre el primer y segundo tercio de la 
imagen; desde superficie costal hasta 
superficie cutánea 
 
6 
 
 
 
Apófisis transversa de L1 
 
 
.           
 
 
 
 
A 
 
 
Línea tangencial al músculo 
longísimo lumbar y a continuación 
línea perpendicular con un ángulo de 
90º 
Desde músculo longísimo lumbar 
hasta superficie cutánea 
B Máximo espesor entre medidas 6A y 
6C/D con un ángulo de 
aproximadamente 90º con respecto a 
la pared abdominal 
C Línea horizontal aproximadamente 
entre el primer y segundo tercio de la 
imagen 
Desde el músculo oblicuo interno 
hasta el oblicuo externo 
D Desde el músculo oblicuo externo 
hasta superficie cutánea 
E Medición de área desde músculos 
psoas mayor y menor (cara visceral) 
hasta línea media y medida D, sin 
incluir la cavidad peritoneal, riñón, ni 
la aorta 
 
Figura 5(III). Referencias anatómicas para la realización de las mediciones para la determinación de las 
regiones anatómicas de interés (RAI) y Puntos de Medición más adecuados (PM) para la evaluación de 
la grasa subcutánea y visceral en cerdos Ibéricos mediante resonancia magnética
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CORTE REGIÓN ANATÓMICA DE 
SELECCIÓN DE CORTE 
MEDIDA REGIÓN ANATÓMICA DE 
REFERENCIA DE SELECCIÓN DE 
MEDIDA 
 
7 
 
 
 
Apófisis transversa de L2. 
 
 
 
A Línea tangencial al músculo 
longísimo lumbar y a continuación 
línea perpendicular con un ángulo de 
90º. Desde músculo longísimo 
lumbar hasta superficie cutánea 
B Máximo espesor entre medidas 7A y 
7C/D con un ángulo de 
aproximadamente 90º con respecto a 
la pared abdominal 
C Línea horizontal aproximadamente 
entre el primer y segundo tercio de la 
imagen. Desde el músculo oblicuo 
interno hasta el oblicuo externo 
D Desde el músculo oblicuo externo 
hasta superficie cutánea continuando 
con medida C 
E 
 
Medición de área desde músculos 
psoas mayor y menor (cara visceral) 
hasta línea media y medida D, sin 
incluir cavidad peritoneal, riñón, ni 
aorta 
 
8 
 
 
 
Apófisis transversa de L3 
 
 
 
 
 
A Línea tangencial al músculo 
longísimo lumbar y a continuación 
línea perpendicular con un ángulo de 
90º. Desde músculo longísimo 
lumbar hasta superficie cutánea 
B Máximo espesor entre medidas 8A y 
8C/D con un ángulo de 
aproximadamente 90º con respecto a 
la pared abdominal 
C Línea horizontal aproximadamente en 
el tercio de la imagen 
Desde el músculo oblicuo interno 
hasta el oblicuo externo 
D Desde el músculo oblicuo externo 
hasta superficie cutánea continuando 
con medida C 
E Medición de área desde músculos 
psoas mayor y menor (cara visceral) 
hasta línea media y medida D, sin 
incluir cavidad peritoneal, riñón en el 
caso de aparecer, ni aorta 
 
Figura 5(IV). Referencias anatómicas para la realización de las mediciones para la determinación de las 
regiones anatómicas de interés (RAI) y Puntos de Medición más adecuados (PM) para la evaluación de 
la grasa subcutánea y visceral en cerdos Ibéricos mediante resonancia magnética 
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Variabilidad interindividual y reproducibilidad en el tiempo de los Puntos de 
Medición más adecuados (PM) 
La mayoría de los PM de la grasa subcutánea no presentaron diferencias significativas 
entre machos y hembras, y mostraron un CV<0,2 en las diferentes edades.  
Entre ellos, hubo dos PM identificados en: 
-“A” (ver figura 5), desde el músculo semiespinal (en la RAI 4) y el músculo longísimo 
lumbar hasta la superficie cutánea. 
-“B” entre el músculo dorsal largo e ileocostal hasta el músculo dorsal ancho; desde la 
RAI 4 (final de músculo trapecio) hasta la RAI 8 (a la altura de la tercera vértebra 
lumbar) que presentaban una gran consistencia interindividual y alta repetibilidad. 
Asimismo, la precisión para la medición del tejido adiposo visceral presentó también 
una baja variabilidad interindividual, con bajos coeficientes de variación en todas las 
edades, tanto en machos como en hembras. Sin embargo, la consistencia de las tres 
RAI abdominales se vio afectada por la edad, presentando la mayor consistencia para 
los PM a la altura de la RAI 8 (a la altura de la tercera vértebra lumbar). 
La evaluación de la posible relación entre los cambios en los valores de los PM 
seleccionados para la evaluación de la grasa subcutánea y la visceral, también 
demostró un efecto significativo provocado por la edad. A los 6 y 8 meses la relación 
entre la grasa subcutánea y la visceral fue significativa, considerándose los PM de “B” 
en la RAI 5 (entre músculo longísimo lumbar e ileocostal hasta la superficie cutánea a 
la altura del margen craneal del pilar diafragmático izquierdo) y de “A” en la RAI 7 
(desde músculo longísimo lumbar hasta la superficie cutánea, a la altura de la segunda 
vértebra lumbar) los PM más adecuados. 
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Relación de las mediciones obtenidas mediante RM con las determinaciones 
morfométricas clásicas 
El peso corporal estuvo altamente correlacionado con los PM seleccionados para la 
grasa subcutánea, independientemente del sexo. Sin embargo, la longitud del cuerpo y 
el IMC-1 no presentaron relación con ninguno de los PM determinados previamente.  
Las circunferencias torácica y abdominal se relacionaron con los PM “A” y “B” en todas 
las regiones de interés desde las RAI 5 a la 8, a los 6 y 8 meses de edad (P<0,005 para 
todos ellos). Los diámetros del cuerpo también se relacionaron con el tejido adiposo 
visceral en la RAI 8 (r = 0,648, P<0,05 y r = 0,815, P<0,01 para la circunferencia torácica 
y abdominal, respectivamente), pero sólo a los 6 meses de edad. 
Se encontraron relaciones significativas entre la grasa y los valores de IMC-2, aunque 
modulada, de nuevo, por la edad. Las correlaciones más altas de la grasa subcutánea 
se hallaron en los PM de las mediciones en los cortes 6 y 7. A los 8 meses de edad, el 
IMC-2 sólo se correlacionaba significativamente con la grasa subcutánea medida en el 
PM “B” en la RAI 5 en los machos; por el contrario, no se halló ninguna relación con la 
grasa visceral. 
Finalmente, la medición ecográfica del espesor de la grasa dorsal en el punto P2 se 
correlacionó significativamente con las mediciones por RM en la misma zona, en las 
RAI 5 y 6 (P<0,05) en las tres edades consideradas. 
 
DISCUSIÓN 
El estudio descrito confirma la viabilidad y fiabilidad de la RM para visualizar, medir y 
establecer una relación entre el tejido adiposo subcutáneo y visceral durante el 
desarrollo juvenil en cerdos obesos. 
En cuanto a la fiabilidad de las mediciones, encontramos dos tipos de problemas 
durante la toma de las medidas: 1) el tamaño corporal de los cerdos a los 8 meses de 
edad con respecto a la antena, que determinó el final del estudio y produjo artefactos 
por contacto directo del cuerpo del animal con la antena, y 2) los artefactos generados 
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por el movimiento respiratorio. Sin embargo, estos artefactos en conjunto sólo 
generaron un 3,42% de medidas no fiables dentro del total de medidas realizadas. 
En la medición de la grasa subcutánea, la zona óptima coincide con el denominado 
punto P2 utilizado para su evaluación mediante palpación y que, además, puede ser 
medido por ultrasonografía (Szabo y col., 1999). En nuestro estudio la observación 
post-mortem confirma la fiabilidad del punto P2 para la evaluación de la grasa 
subcutánea. 
Los resultados de este experimento indican que, teniendo en cuenta la variabilidad 
entre individuos, la reproducibilidad en el tiempo y la relación con los parámetros 
morfométricos, la medición más fiable de la grasa subcutánea se puede realizar en las 
RAI 5 a la 8, mientras que la grasa visceral puede ser igualmente evaluada desde la RAI 
6 a la 8. 
En la elección de las RAI y PM se encontró que el mejor PM para la grasa subcutánea 
correspondió con los puntos “A” y “B” en las RAI 4 a la 8, lo que permite un alto grado 
de flexibilidad cuando se seleccionan los RAI durante la RM. La combinación del menor 
coeficiente de variación y el coeficiente α de Cronbach más alto se encontró en las RAI 
5, 6 y 7 para la medida o PM “A” y en las RAI 4, 5, y 8 para la medida o PM “B”.  
En la medición de la grasa visceral, el punto de elección fue el área de grasa perirrenal, 
demostrándose que es la medida de grasa intraabdominal sujeta a menor riesgo de 
error por artefactos. La grasa visceral se midió correctamente en las RAI 6, 7 y 8, lo que 
coincide con las mediciones más fiables para la grasa subcutánea, aunque la relación 
fue más alta a la altura de la RAI 8 (a la altura de la tercera vértebra lumbar). 
En conclusión, las RAI y los PM identificados en este trabajo se pueden utilizar 
directamente en estudios biomédicos realizados con cerdos obesos como modelo 
experimental; su aplicación directa reduce drásticamente el tiempo de examen de una 
media de 35 minutos para una exploración completa de las regiones torácica y 
abdominal de un animal a una media de 10-15 minutos si se eligen tres RAI 
predeterminadas, mejorando el bienestar animal y disminuyendo el coste de las 
exploraciones con RM. El procedimiento descrito se puede extrapolar a otras razas 
porcinas o a otros modelos animales.   
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3.2. EXPERIMENTO 2: EFECTO DE LA NUTRICIÓN MATERNA DURANTE LA GESTACIÓN 
SOBRE EL CRECIMIENTO, ENGRASAMIENTO Y PARÁMETROS METABÓLICOS DURANTE 
EL DESARROLLO POSTNATAL DE LA DESCENDENCIA 
 
ANIMALES Y MANEJO 
En este experimento se utilizaron 69 cerdos Ibéricos divididos en cuatro grupos en 
función de los niveles nutricionales recibidos por su madre durante la gestación y 
diferenciados por sexo. En todos los grupos, las madres eran de edad, número de 
partos y fenotipo similares. 
Un primer grupo (CONTROL; n= 10 machos y 8 hembras), estaba formado por animales 
nacidos de madres alimentadas con una dieta estándar a base de cereales (13% de 
proteína cruda, 2% de materia grasa y 3 Mcal/kg de energía metabolizable), calculada 
para aportar los requerimientos nutricionales de la gestación. El segundo grupo 
(OVERFED; n= 9 machos y 9 hembras) procedía de madres alimentadas con la misma 
dieta pero con exceso de aporte (160% de los requerimientos nutricionales de 
gestación). El tercer y cuarto grupos estaban formados por animales procedentes de 
madres que habían sido sometidas a restricción nutricional (50% de las necesidades de 
gestación), bien durante toda la gestación (UNDERFED; n= 6 machos y 9 hembras) o 
sólo durante los dos últimos tercios de gestación (LATE UNDERFED; n= 10 machos y 8 
hembras). En este diseño, en los grupos segundo y tercero se valoraba el efecto de la 
programación nutricional en el periodo preimplantacional, bien por exceso o defecto, 
sobre el desarrollo postnatal; en el cuarto grupo se valoraba el efecto de la restricción 
nutricional en el periodo postimplantacional. 
En el periodo postnatal, desde el momento del destete hasta la edad adulta, los 
animales se alojaron en corrales colectivos con 3 m2 de superficie por animal (con 
separación de machos y hembras) y recibieron la misma dieta. Entre el destete y los 4 
meses de edad, los animales recibieron una dieta formulada para cubrir el 100% de sus 
necesidades de crecimiento; a partir de los 4 meses de edad, los animales dispusieron 
de alimentación ad libitum y se aumentó el contenido de grasa hasta el 6,3% para 
favorecer el engrasamiento. 
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TOMA DE DATOS 
En todos los animales, desde el nacimiento hasta la edad adulta, se determinaron 
mensualmente los valores correspondientes al peso, longitud corporal y 
circunferencias torácica y abdominal. Estos valores, como en el experimento anterior, 
se utilizaron para el cálculo de los índices IMC-1 e IMC-2. 
El espesor de grasa subcutánea dorsal se determinó mensualmente mediante 
ultrasonografía, tal y como se ha descrito en el experimento anterior, desde los cuatro 
meses de edad. El espesor de grasa subcutánea dorsal y el depósito de grasa visceral se 
estimaron también mediante RM a los cuatro y seis meses de edad, en las regiones 
(RAIs) y puntos de medición establecidos (PM A y B) en el Experimento 1 (desde el 
músculo longísimo lumbar hasta la superficie cutánea y en el máximo espesor entre el 
PMA y PMC a nivel de la primera vértebra lumbar -RAI 6-, y de la tercera vértebra 
lumbar -RAI 8-, respectivamente).  
El estudio de los posibles efectos sobre el metabolismo se llevó a cabo mediante la 
determinación de los niveles plasmáticos de leptina, glucosa, fructosamina, insulina, y 
colesterol total, HDL y LDL. Estos valores se utilizaron, asimismo, para determinar la 
aparición de resistencia a la insulina y posibles cambios en la funcionalidad de las 
células β pancreáticas mediante las fórmulas HOMA-IR (producto de los valores de 
insulina y glucosa plasmáticas en ayuno) y HOMA-β (cociente entre los valores de 
insulina y glucosa), adaptadas de medicina humana. 
Por último, cuando los animales alcanzaron la edad adulta estimada en función del 
peso, se analizaron de nuevo las características fenotípicas (peso, tamaño, IMC-1, IMC-
2, engrasamiento subcutáneo y visceral por ultrasonografía y RM, niveles plasmáticos 
de leptina y parámetros del metabolismo de glúcidos y lípidos). Igualmente, mediante 
cromatografía de gases, se llevó a cabo la evaluación ex vivo de la composición en 
ácidos grasos de la grasa intramuscular.  
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ANÁLISIS ESTADÍSTICO 
La evolución en peso, tamaño, engrasamiento y los cambios metabólicos durante el 
periodo de crecimiento se evaluaron mediante el análisis del coeficiente de correlación 
de Pearson con la variable tiempo. El efecto de la dieta materna sobre los cambios en 
estos parámetros durante el periodo de desarrollo de la descendencia se analizó 
mediante análisis de varianza de medidas repetidas (split-plot ANOVA). El efecto de la 
dieta materna sobre el fenotipo adulto y la aparición de la pubertad y expresión génica 
se evaluó mediante test ANOVA o test de Kruskall–Wallis si un test de Levene previo 
evidenciaba variables no homogéneas; posteriormente, se realizó un test post-hoc de 
Duncan. El análisis estadístico de los resultados expresados como porcentajes se 
realizó después de la transformación de los valores porcentuales a su arcoseno. 
En todos los casos, como en el experimento anterior, los resultados se expresaron 
como media ± e.s.m. y las diferencias se consideraron estadísticamente significativas a 
partir de P<0,05. 
 
RESULTADOS 
Patrones de crecimiento y engrasamiento 
El nivel nutricional materno durante la gestación influye sobre los parámetros 
morfométricos postnatales de su descendencia. 
Los lechones nacidos de madres con un 50% de restricción en los dos últimos tercios 
de gestación (grupo LATE-UNDERFED) tuvieron un menor peso y tamaño al nacimiento 
que los lechones nacidos de madres CONTROL o de madres con deficiencias o excesos 
nutricionales durante toda la gestación (grupos OVERFED y UNDERFED). Estos dos 
últimos grupos junto con el grupo control mostraron pesos y tamaños al nacimiento 
similares entre sí. 
Los cerdos de los grupos OVERFED y UNDERFED presentaron durante todo el periodo 
de estudio características similares entre sí, con mayor peso, mayor tamaño, mayor 
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predisposición al engrasamiento (más notable en las hembras) y una mayor cantidad 
de grasa subcutánea y visceral que los grupos CONTROL y LATE-UNDERFED. 
En el grupo CONTROL, los machos presentaron mayor peso que las hembras desde el 
nacimiento y durante todo el periodo de desarrollo estudiado. En el grupo LATE-
UNDERFED, los machos mostraron menor peso y una menor cantidad de grasa 
subcutánea y abdominal que los machos del grupo CONTROL durante todo el periodo 
de desarrollo juvenil. Por el contrario, las hembras LATE-UNDERFED presentaron las 
mismas características morfológicas que las hembras del grupo CONTROL al 
nacimiento, para alcanzar mayor peso y mayor cantidad de grasa subcutánea y visceral 
que éstas e incluso que sus hermanos en el mismo grupo LATE-UNDERFED. 
Una vez alcanzada la edad adulta, los animales de los grupos OVERFED y UNDERFED 
continuaron pesando más que el resto de los grupos. Sólo hubo diferencias entre los 
sexos en los machos de los grupos OVERFED y CONTROL, que mostraron mayor peso 
que las hembras de su mismo grupo.  
El espesor de la grasa dorsal subcutánea no presentó diferencias significativas entre 
grupos. Sin embargo, el grupo OVERFED presentó mayor cantidad de grasa visceral. 
Por otro lado, los machos del grupo UNDERFED y LATE-UNDERFED presentaron 
similares depósitos de grasa visceral que el grupo CONTROL. Por el contrario, los 
depósitos de grasa visceral de las hembras de estos grupos UNDERFED y LATE-
UNDERFED fueron mayores que en el grupo CONTROL y se asemejaron a los valores 
del grupo OVERFED. Finalmente, la acumulación de grasa intramuscular fue mayor en 
los machos de los grupos OVERFED y UNDERFED que en el resto. 
 
Composición de la grasa 
La composición de la grasa presentó variaciones destacables entre grupos en el 
muestreo realizado en la edad adulta. Los grupos CONTROL y LATE-UNDERFED 
presentaron niveles más elevados de ácidos grasos saturados. Sin embargo, los grupos 
OVERFED y UNDERFED presentaron niveles más elevados de ácidos grasos 
monoinsaturados. Por último, el índice de desaturación de ácidos grasos fue mayor en 
los tres grupos con tratamientos nutricionales con respecto al grupo CONTROL. 
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Concentraciones plasmáticas de leptina 
Los niveles plasmáticos de leptina aumentaron de forma gradual durante el desarrollo 
juvenil en todos los animales; sin embargo, los niveles fueron superiores en los grupos 
OVERFED y UNDERFED desde los 120 días de edad, respecto de los otros dos grupos 
CONTROL y LATE-UNDERFED. A los 180 días, las concentraciones de leptina fueron de 
nuevo semejantes en los grupos OVERFED y UNDERFED, y más elevados que en el 
grupo LATE-UNDERFED y que en el grupo CONTROL. En cambio, estas variaciones entre 
los grupos no alcanzaron diferencias significativas. 
Las concentraciones plasmáticas fueron diferentes entre machos y hembras. Las 
hembras de los grupos CONTROL, OVERFED y UNDERFED presentaron niveles 
inferiores de leptina en comparación con los machos de su misma camada a los 180 
días de edad, mientras que en el grupo LATE-UNDERFED fueron los machos los que 
presentaron menores niveles plasmáticos de leptina que las hembras.  
 
Cambios en los índices plasmáticos de lípidos y carbohidratos 
En el estudio del metabolismo de los carbohidratos se observó que los grupos 
OVERFED y UNDERFED presentaban concentraciones superiores de glucosa y 
fructosamina en sangre a los 120 días de edad. Los niveles de fructosamina se 
mantuvieron más elevados, tanto en el grupo OVERFED como en el UNDERFED durante 
el periodo de desarrollo juvenil y en la edad adulta, sin diferencias entre sexos, sin 
embargo, en la edad adulta, los niveles estuvieron incrementados en los machos del 
grupo LATE-UNDERFED con respecto a las hembras del mismo grupo. Los niveles de 
glucosa fueron superiores en el grupo OVERFED, con respecto al resto de los grupos a 
lo largo de todo el estudio, sin diferencias significativas entre sexos. Este grupo 
OVERFED, además, presentó mayores niveles de insulina y un índice HOMA-IR superior 
al resto de los grupos.  
Los niveles de insulina también fueron mayores, pero en menor grado, en los grupos 
UNDERFED y LATE-UNDERFED en comparación con el grupo CONTROL. Por el 
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contrario, en la valoración del índice HOMA-β sólo se encontraron diferencias en los 
machos del grupo OVERFED, en los que eran mayores. 
En el estudio del metabolismo de los lípidos se observaron mayores niveles de 
colesterol en el grupo OVERFED durante todo el periodo de desarrollo. En la edad 
adulta, el grupo OVERFED presentó una elevación en la concentración de LDL-
colesterol y niveles inferiores de HDL-colesterol, por lo que el ratio LDL-colesterol/HDL-
colesterol también se observó incrementado con respecto al resto de los grupos. En 
todos los grupos los niveles totales de colesterol y de HDL-colesterol fueron más altos 
en machos que en hembras. 
 
DISCUSIÓN 
Los resultados de este estudio demuestran que las modificaciones en la nutrición 
materna durante la gestación producen cambios significativos sobre el fenotipo de la 
descendencia. Estos cambios están modulados principalmente por el nivel energético 
de la ración (exceso o defecto) y por el periodo gestacional en el que se sufren los 
desequilibrios nutricionales. Además, estos cambios no afectan de la misma manera a 
ambos sexos. 
 
Efectos de la nutrición materna en el crecimiento y engrasamiento de la 
descendencia 
Los datos obtenidos al nacimiento fueron similares entre el grupo CONTROL y los 
grupos con modificaciones nutricionales durante todo el periodo gestacional, lo que 
pone de manifiesto la respuesta adaptativa del embrión ante situaciones de 
malnutrición materna (González-Bulnes y Óvilo, 2012). Sin embargo, el grupo LATE-
UNDERFED presentó menor peso y tamaño. Estos resultados apoyan la teoría de que 
los animales que sufren modificaciones intrauterinas en el período pre- y peri-
implantacional son capaces de generar respuestas adaptativas que les permiten un 
crecimiento y desarrollo fetal normal (Metges y col., 2005), mientras que no es así 
cuando las modificaciones intrauterinas ocurren en fases más tardías de la gestación, 
apareciendo animales IUGR. 
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Dentro de las diferencias en los parámetros morfométricos expuestos en los 
resultados, cabe destacar el IMC-2 (parámetro que tiene en cuenta el volumen 
corporal) al destete en los grupos OVERFED Y UNDERFED. Estos animales presentaron 
un valor de IMC-2 superior, lo que indicaría mayor deposición de grasa; este dato, 
extrapolado a medicina humana, explicaría la influencia de la programación prenatal 
sobre el desarrollo de la obesidad infantil y cómo estas modificaciones podrían 
predisponer al desarrollo del Síndrome Metabólico en el adulto. 
 
Efecto de la nutrición materna como factor predisponente al desarrollo del Síndrome 
Metabólico 
Tal y como indicamos anteriormente, los lechones descendientes de madres tanto 
sobrealimentadas, como desnutridas (grupos OVERFED y UNDERFED) presentaron una 
mayor deposición de grasa visceral e intramuscular que el grupo CONTROL. Este rasgo 
indica que estos individuos han comenzado a desarrollar obesidad central, lo que se 
considera un criterio mayor en el diagnóstico del SM en medicina humana, según la 
Asociación Americana de Endocrinólogos Clínicos (AAEC). 
Los lechones OVERFED y UNDERFED, al igual que los LATE-UNDERFED, mostraron 
deficiencias en la regulación de los niveles de glucosa plasmáticos, necesitando un 
aumento significativo en la secreción de la insulina para mantener los niveles de 
glucosa sanguíneos dentro de límites fisiológicos, tal y como se ha descrito en seres 
humanos (Elder y col., 2006). Sin embargo, los niveles de fructosamina se encontraron 
elevados sólo en los grupos con modificaciones nutricionales maternales durante toda 
la gestación (OVERFED y UNDERFED), por lo que se podría deducir que, 
probablemente, las alteraciones en el metabolismo glucídico que sufren estos 
animales podrían ser secundarias al incremento de grasa que presentaron, ya que es 
bien conocido que en las personas jóvenes el exceso de adiposidad agrava la 
resistencia a la insulina (Torres y col., 2008), debido a un aumento de las 
concentraciones de leptina en plasma, lo que se correlaciona directamente con el 
síndrome de RI.  
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Estas alteraciones fueron mayores en el grupo OVERFED, en el que los mayores niveles 
plasmáticos de glucosa se acompañaron de un incremento en el índice HOMA-IR, 
indicativo de resistencia a la insulina. Sin embargo, la evaluación del índice HOMA- β 
indica que aún no existían alteraciones en la funcionalidad de las células β, debido, 
probablemente, a la corta edad de los animales. 
Por otro lado, los resultados en los índices del metabolismo lipídico de los animales de 
los grupos OVERFED y UNDERFED evidencian dislipidemia, el cuarto síntoma y criterio 
mayor en el diagnóstico del SM, lo que pone de manifiesto la clara predisposición de 
estos animales al desarrollo de este síndrome. 
Finalmente, el análisis de la composición de la grasa corporal evidenció alteraciones en 
el metabolismo de los ácidos grasos. En concreto, el índice de desaturación elevado 
que presentan los tres grupos experimentales es un potente biomarcador del riesgo 
del desarrollo de alteraciones metabólicas (Poudyal y Brown, 2011; Yee y col., 2012).  
 
Efectos del sexo de la descendencia en el crecimiento y engrasamiento 
Los efectos de la nutrición materna están vinculados al sexo de la descendencia. Así, el 
grupo CONTROL mostró que los machos eran más grandes y, en consecuencia, más 
pesados que las hembras. Sin embargo, las hembras de los grupos de madres OVERFED 
y UNDERFED presentaron pesos y tamaños similares a los machos de su mismo grupo 
experimental. Estos resultados son más evidentes en el grupo LATE-UNDERFED, donde 
los machos mostraron durante todo el período de estudio menor peso y tamaño que 
sus hermanas y que el grupo control, siendo además las hembras de este grupo LATE-
UNDERFED las de mayor peso y volumen de todas las hembras del estudio. Esto 
demuestra la estrecha relación entre el sexo y las modificaciones nutricionales 
maternales. 
Por tanto, en presencia de un ambiente obesogénico postnatal los efectos negativos 
de la programación prenatal en la descendencia de madres desnutridas y 
sobrealimentadas es más evidente en las hembras, ya que presentaron un nivel mayor 
de engrasamiento subcutáneo y visceral que el grupo control. 
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3.3. EXPERIMENTO 3: EFECTOS MODULADORES DE LAS CONDICIONES POSTNATALES 
(ALIMENTACIÓN Y EJERCICIO) SOBRE LAS CONSECUENCIAS DE LA SUBNUTRICIÓN 
PRENATAL EN EL CRECIMIENTO, ENGRASAMIENTO Y PARÁMETROS METABÓLICOS 
 
ANIMALES Y MANEJO 
En este experimento se utilizaron 17 cerdas Ibéricas nacidas de dos grupos de madres 
de edad, número de partos y fenotipo similar, con distintos manejos nutricionales 
durante la gestación. 
Un primer grupo (CONTROL; n= 8 hembras), en forma similar al grupo CONTROL del 
experimento anterior, estaba formado por animales nacidos de madres alimentadas 
con una dieta estándar a base de cereales (13% de proteína cruda, 2,8% de materia 
grasa y 3 Mcal/kg de energía metabolizable), calculada para aportar los requerimientos 
nutricionales durante la gestación. El segundo grupo (LATE-UNDERFED; n= 9 hembras) 
estaba constituido por animales procedentes de madres que habían sido sometidas a 
restricción nutricional (50% de las necesidades de gestación) durante los dos últimos 
tercios de gestación (en forma similar al grupo LATE-UNDERFED del experimento 
anterior). En este diseño se valoraba la modulación de los efectos de la restricción 
nutricional en el periodo post-implantacional mediante el nivel nutricional y el ejercicio 
en el periodo postnatal, una vez nacidos los animales. 
En el periodo postnatal, desde el momento del destete hasta la edad adulta, los 
animales se alojaron en corrales colectivos con 7 m2 de superficie por animal (el doble 
de espacio que en el experimento anterior y entre 7 y 12 veces, dependiendo de la 
edad, la superficie indicada por la legislación en materia de bienestar animal) y 
recibieron la misma dieta, formulada para cubrir el 100% de sus necesidades de 
crecimiento. Contrariamente al experimento anterior, el contenido de grasa no superó 
el 2,8%, para evitar el engrasamiento excesivo. 
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TOMA DE DATOS 
En todos los animales se determinaron los mismos parámetros que en el Experimento 
2. En resumen, desde el nacimiento hasta la edad adulta, se determinaron 
mensualmente los valores correspondientes al peso, longitud corporal, circunferencias 
torácica y abdominal, e IMC-1 e IMC-2. El espesor de grasa subcutánea dorsal se 
determinó mensualmente mediante ultrasonografía, desde los 4 meses de edad, y por 
RM a los 120 y 180 días de edad, momentos éstos en los que también se valoró el 
depósito de grasa visceral. Entre los 4 meses de edad y la edad adulta, se 
determinaron los niveles plasmáticos de leptina, glucosa, fructosamina, insulina, 
colesterol total, HDL y LDL; asimismo, se calcularon los valores HOMA-IR y HOMA-β. 
Por otro lado, mediante el análisis de los niveles de progesterona plasmática en 
muestras quincenales, se estudiaron las posibles diferencias en el momento de 
aparición de la pubertad. Por último, cuando los animales alcanzaron la edad adulta, se 
analizaron de nuevo las citadas características fenotípicas y se llevó a cabo la 
evaluación ex vivo de la composición en ácidos grasos de la grasa intramuscular y los 
niveles de expresión de genes relacionados con el desarrollo muscular [factores de 
crecimiento tipo insulínico 1 y 2 (IGF-1 e IGF-2) y miostatina (MSTN)]. 
 
ANÁLISIS ESTADÍSTICO 
El estudio estadístico de las variables peso, tamaño, engrasamiento y cambios 
metabólicos durante el periodo de crecimiento, y el efecto de la dieta materna sobre 
ellas, se realizó de forma similar al estudio anterior. La posible relación entre la 
expresión de genes relacionados con el desarrollo muscular (IGF-1, IGF-2 y MSTN) se 
analizó mediante test de correlación de Pearson. En todos los casos, como en el 
experimento anterior, los resultados se expresaron como media ± e.s.m. y las 
diferencias se consideraron estadísticamente significativas a partir de P<0,05. 
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RESULTADOS 
 
Efectos de la nutrición materna sobre los patrones de crecimiento y engrasamiento, 
así como sobre la composición de la grasa en la descendencia 
Los lechones nacidos de madres con nutrición restringida durante los dos últimos 
tercios de la gestación (LATE-UNDERFED) nacieron con un tamaño y un peso menor 
que el grupo control. En el periodo de desarrollo juvenil, el crecimiento fue más rápido 
en el grupo de madres restringidas, mientras que durante la fase final del estudio, en la 
edad adulta, las hembras del grupo restringido presentaron pesos y tamaños 
superiores que las del grupo control. 
En el análisis de los parámetros relacionados con el engrasamiento subcutáneo, 
visceral e intramuscular no se encontraron diferencias significativas entre ambos 
grupos. El estudio de la composición de la grasa no reveló tampoco diferencias 
significativas entre grupos. 
 
Efectos de la nutrición materna en la expresión génica en el tejido muscular 
La expresión de los genes seleccionados (IGF-1, IGF-2 y MSTN) fue similar entre los 
grupos. Sin embargo, el análisis de las relaciones entre las expresiones de los genes, 
mostró una correlación negativa entre el IGF-1 y MSTN y IGF-2 y MSTN en el grupo 
restringido, mientras que en el grupo control esta correlación fue positiva. 
 
Efecto de la nutrición materna sobre las características metabólicas de la 
descendencia 
En general, no se observaron diferencias notables en los parámetros relacionados con 
el metabolismo de los glúcidos y los lípidos entre los grupos, a excepción de un mayor 
nivel de fructosamina en las hembras del grupo LATE-UNDERFED a partir de los 240 
días de edad y hasta el final del periodo de estudio. 
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Consecuencias de la nutrición materna en el momento de entrada en la pubertad 
La edad media y la distribución de edades en que apareció la pubertad fueron similares 
en ambos grupos. 
 
DISCUSIÓN  
Los resultados de este tercer estudio indican que, a pesar de los cambios en la 
expresión génica inducida por la programación del desarrollo, la propensión a mayor 
peso y la adiposidad de las cerdas jóvenes expuestas a la desnutrición prenatal puede 
ser modulada por el control de la ingesta de alimentos y el nivel de actividad física 
durante el desarrollo infantil y juvenil. 
Los cambios epigenéticos en la expresión génica inducida por la programación del 
desarrollo inducen tanto un aumento del anabolismo como una mayor ingesta 
voluntaria y, por lo tanto, aumentan la propensión al crecimiento y a la adiposidad. Los 
resultados del presente estudio sugieren que la función de algunos genes que regulan 
el desarrollo postnatal del músculo (como IGF-1 o IGF-2) pueden ser modificados como 
consecuencia de la programación nutricional prenatal.  
De esta manera, los lechones del grupo LATE-UNDERFED de este experimento nacieron 
con menor peso comparados con el grupo control, desarrollando retraso en el 
crecimiento intrauterino, tal y como se ha demostrado en el experimento anterior. Sin 
embargo, éstos consiguieron incrementar su tamaño hasta alcanzar mayor peso y 
tamaño al del grupo control en el momento del destete, debido al desarrollo de 
mecanismos de crecimiento compensatorio postnatal. 
Posteriormente, y a pesar de las modificaciones epigenéticas, observamos que las 
hembras nacidas de madres restringidas presentaron mayor peso y volumen, aunque 
mismos valores de IMC-1 e IMC-2, es decir, no presentaron mayor engrasamiento. La 
comparación de ambos estudios y los resultados de este experimento demuestran el 
papel determinante que ejerce el medio ambiente en el desarrollo de la obesidad.  
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Por otro lado, se observó que, con los mismos niveles nutricionales en animales que 
han desarrollado programación del desarrollo, una práctica más intensa de actividad 
física (7 m² en el experimento actual y 3 m² en el anterior) influye notablemente sobre 
la actividad anabólica de los individuos jóvenes, clarificando así los beneficios de la 
realización de ejercicio físico particularmente en esta población. 
Por tanto, podemos concluir que, bajo condiciones adecuadas de control nutricional y 
actividad física en las fases postnatales, se pueden modular las características 
fenotípicas secundarias a la programación prenatal predisponentes al desarrollo del 
Síndrome Metabólico. 
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4. DISCUSIÓN GENERAL 
 
El objetivo general del trabajo experimental correspondiente a esta Tesis Doctoral 
consistía en la valoración, en el cerdo de raza Ibérica, de los efectos de la 
programación fetal nutricional sobre el metabolismo, desarrollo y composición 
corporal del individuo desde el periodo postnatal, hasta alcanzar el peso adulto. En la 
consecución de este objetivo se buscaba información con aplicabilidad, por un lado, en 
Producción Animal, en cuanto a efectos sobre patrones de crecimiento, engrasamiento 
y calidad de la carne, y por otro lado, en Biomedicina, ya que el cerdo se considera un 
modelo óptimo para estudios de nutrición, obesidad y alteraciones metabólicas 
asociadas. En concreto, el cerdo Ibérico es actualmente un modelo reconocido en 
estudios de síndrome de resistencia a la leptina, obesidad y Síndrome Metabólico 
(Torres-Rovira y col. 2012, 2013).  
 
En la actualidad, diferentes evidencias epidemiológicas y experimentales señalan que 
el fenotipo adulto se encuentra determinado, en todas las especies, por una 
interacción entre las características genéticas y la influencia medioambiental. Esta 
influencia medioambiental se encontraría ya presente en estadios de desarrollo tan 
tempranos como el periodo prenatal, durante el desarrollo embrionario y fetal, incluso 
en el periodo preimplantacional (González-Bulnes y col., 2012). Entre las influencias 
prenatales destaca el plano nutricional materno, ya sea por exceso o por defecto. 
 
En el caso concreto del cerdo Ibérico, estudios previos del grupo de trabajo en que se 
desarrolló esta Tesis Doctoral indican que la viabilidad y los patrones de crecimiento 
de los fetos de raza Ibérica se encuentran muy determinados por las características 
endocrinas y metabólicas maternas que, a su vez, se encuentran determinadas por el 
plano nutricional de la madre durante la gestación, ya que afectan a la disponibilidad 
de nutrientes y sustratos metabólicos por parte de los fetos (González-Bulnes y Óvilo, 
2012).  
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En este sentido, deficiencias nutricionales maternas en la gestación avanzada se 
relacionan con alteraciones en el crecimiento fetal y, en consecuencia, con el 
nacimiento de lechones de menor tamaño y peso (González-Bulnes y Óvilo, 2012); este 
proceso, que se produce también en otras especies de mamíferos, incluida la humana, 
se conoce como crecimiento intrauterino retardado (IUGR por sus siglas en inglés). En 
el caso del cerdo Ibérico, y contrariamente a lo descrito en otras razas de porcino, 
existe un crecimiento compensador durante el periodo de amamantamiento, efecto 
determinado por el sexo del recién nacido. En otras razas, todos los lechones IUGR, 
tanto machos como hembras, permanecen más pequeños durante el periodo de 
crecimiento postnatal. En el caso de la raza Ibérica, los machos permanecen más 
pequeños; por el contrario, las hembras experimentan un crecimiento compensador e 
igualan en tamaño y peso a las hembras control. En este sentido, el estudio del patrón 
de desarrollo y del metabolismo fetal muestra diferencias entre machos y hembras 
que favorecerían la supervivencia y el desarrollo postnatal de las hembras (Torres-
Rovira y col., 2013). En el momento del nacimiento, se han encontrado diferencias en 
la expresión génica de péptidos anorexigénicos (receptor de leptina, LEPR, y pro-
opiomelanocortina, POMC) que favorecerían un balance energético positivo y un 
mayor desarrollo sólo en las hembras (Óvilo y col., 2014; publicación incluida en el 
anexo II como relacionada con esta Tesis Doctoral).  
 
Por el contrario, si la restricción alimentaria materna se desarrolla durante toda la 
gestación desde los estadios más tempranos, el feto puede adaptarse a las carencias 
nutricionales y, en el momento del nacimiento, su peso y medidas son similares a los 
encontrados en lechones control (González-Bulnes y Óvilo, 2012). El efecto es el mismo 
si se produce un exceso de aporte alimentario que cause obesidad en las madres: el 
peso y medidas de los neonatos serán similares a los encontrados en recién nacidos de 
madres con un plano nutricional adecuado o restringido durante toda la gestación. Es 
decir, el feto adapta su metabolismo y desarrollo a las condiciones en que se 
encuentra; sin embargo, estudios observacionales en humanos y experimentales en 
roedores señalan que esta progenie se verá afectada, durante el periodo de desarrollo 
postnatal y la vida adulta, por una fuerte tendencia adipogénica y alteraciones 
metabólicas (Desay, 2007). En el caso del cerdo Ibérico, no se habían realizado este 
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tipo de estudios pero sí se ha observado que el aporte de dietas obesogénicas a las 
madres induce alteraciones en el desarrollo, así como en las características 
metabólicas de sus fetos (Torres-Rovira y col., 2014). 
Todas estas consideraciones nos llevaron al planteamiento del presente desarrollo 
experimental, en el que se buscaba conocer el desarrollo postnatal, el patrón de 
engrasamiento y las características metabólicas de la descendencia de madres con 
distintos planos de nutrición (control, exceso o defecto durante toda la gestación y 
defecto sólo en sus dos últimos tercios). Para ello, se hacía necesaria la valoración de la 
deposición de grasa no sólo subcutánea, que puede realizarse fácilmente por 
ultrasonografía, sino también visceral, lo que se llevó a cabo mediante resonancia 
magnética. Sin embargo, esta técnica no se encontraba adaptada para este tipo de 
estudios, por lo que se requirió un primer experimento en el que se confirmó la 
utilidad de dicha técnica para visualizar y medir el tejido adiposo subcutáneo y visceral 
durante el desarrollo juvenil en cerdos obesos, y posteriormente determinar la 
relación entre ambos tipos de tejido adiposo. En este estudio se establecieron una 
serie de regiones de interés representativas de la acumulación grasa corporal. Éstas se 
centraron en las regiones anatómicas comprendidas desde el músculo semiespinal 
hasta la tercera vértebra lumbar para el estudio de la grasa subcutánea, y del margen 
craneal del pilar diafragmático izquierdo a la tercera vértebra lumbar para la grasa 
abdominal. Asimismo, se encontraron dos regiones útiles para medir ambos tipos de 
depósito graso, a la altura del pilar diafragmático izquierdo y a nivel de la segunda 
vértebra lumbar (resultados publicados en Diagnostic and Interventional Imaging, 
Barbero y col. 2014, y que la editorial Elsevier publicó también en la edición francesa; 
primera publicación derivada de esta Tesis Doctoral). La determinación de estas 
regiones de interés suponen un gran avance en la aplicabilidad de la técnica de 
resonancia para este tipo de análisis, ya que reduce en más del 66% el tiempo 
necesario para el estudio, y creemos puede ser de gran utilidad para la comunidad 
científica, posibilitando estudios secuenciales y prospectivos. 
 
La valoración de los cambios, durante el desarrollo postnatal, en peso, corpulencia, 
engrasamiento y características metabólicas de individuos expuestos a dietas 
obesogénicas mostró diferencias determinadas por el plano de nutrición que las 
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madres sufrieron durante la gestación y por el periodo gestacional en el que se 
produjeron las modificaciones del plano nutricional (resultados publicados en PLOS 
One, Barbero y col., 2013; segunda publicación derivada de esta Tesis Doctoral). En 
general, los individuos descendientes de madres, tanto con exceso como con defecto 
nutricional durante toda la gestación (lo que incluye el periodo preimplantacional) 
fueron más corpulentos y pesados, con una mayor tendencia al engrasamiento y 
presentaron una fuerte tendencia al desarrollo de alteraciones metabólicas; en el caso 
de los descendientes de madres sobrealimentadas incluso presentaron evidencias de 
Síndrome Metabólico y resistencia a la insulina y el pródromo de diabetes tipo II. 
 
Por el contrario, los descendientes de madres con restricciones alimentarias durante el 
periodo postimplantacional, durante los dos últimos tercios de gestación, presentaron 
un menor peso y corpulencia que la progenie de grupos experimentales de madres con 
malnutrición durante toda la gestación, aunque las alteraciones metabólicas fueron 
similares. En los animales con restricción postimplantacional, el desarrollo postnatal 
fue similar al grupo control pero, confirmando los datos publicados en González-Bulnes 
y Óvilo, 2012 y Ovilo y col., 2014, fuertemente determinados por el sexo del individuo. 
Así, las hembras restringidas presentaron en el periodo postnatal una fuerte tendencia 
al engrasamiento, desarrollando importantes depósitos grasos subcutáneos y 
viscerales, mayores que en el caso de sus hermanos, que las hembras control y 
similares a los de los machos control. 
 
En conclusión, la exposición a planos inadecuados de nutrición durante el periodo 
prenatal unido a la exposición a dietas obesogénicas durante el periodo postnatal 
provoca alteraciones en los patrones de desarrollo y engrasamiento y en las 
características metabólicas; resultados coincidentes con fenómenos de programación 
fetal o programación del desarrollo. 
 
Los resultados obtenidos en el caso de las hembras nacidas de gestaciones con 
restricción alimentaria durante los dos últimos tercios de gestación tienen 
connotaciones añadidas: la restricción alimentaria en este periodo se corresponde con 
procesos de retraso del crecimiento intrauterino (IUGR; González-Bulnes y Óvilo, 2012 
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y Ovilo y col., 2014) que, en el caso del porcino, se producen de forma espontánea en 
algunos de los integrantes de la camada por competencia por el espacio uterino y 
alteraciones en la placentación. Ello presupondría que la aplicación de dietas 
hipercalóricas durante el proceso de recría o de cebo podría conllevar un excesivo 
engrasamiento en estos animales. 
 
Por ello, se llevó a cabo otra parte del estudio en la que se determinó el desarrollo 
postnatal y las características metabólicas en hembras nacidas de madres control y de 
madres con restricción nutricional durante los dos últimos tercios de gestación, con 
alimentación controlada y posibilidad de ejercicio desde el destete (resultados 
publicados en Journal of Developmental Origins of Health and Disease, Barbero y col., 
2014; tercera publicación derivada de esta Tesis Doctoral). En forma similar a los 
estudios anteriores, las hembras nacidas de madres con nutrición restringida durante 
los dos últimos tercios de la gestación nacieron con un tamaño y un peso menor que el 
grupo control. Contrariamente a los experimentos anteriores, la administración de 
alimentación controlada en periodos postnatales y el aumento de la actividad física 
provocó que los patrones de crecimiento y engrasamiento fueran similares en ambos 
grupos durante el periodo prepuberal. Una vez alcanzada la pubertad y la edad adulta, 
las hembras procedentes de gestaciones restringidas presentaron mayor corpulencia y 
peso que las hembras control pero, sin embargo, no se observó un mayor 
engrasamiento. Es decir, la propensión a un mayor engrasamiento de aquellas 
hembras expuestas a restricción prenatal puede ser modulada a través del aumento de 
la actividad física y mediante un adecuado manejo nutricional durante el desarrollo 
postnatal temprano. 
 
La importancia de una dieta adecuada durante el periodo juvenil se confirmó mediante 
la realización de un estudio paralelo (Astiz y col., 2014 publicación incluida en el anexo 
II como relacionada con esta Tesis Doctoral) en que se compararon las características 
físicas y metabólicas de hembras de raza Ibérica expuestas a dietas obesogénicas, a 
alimentación controlada y a alimentación controlada unida a un tratamiento con 
metformina (tratamiento antihiperglucemiante utilizado en pediatría).  
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Figura 6. Evolución con la edad del peso y el volumen corporal (gráficas A y B, respectivamente), y los 
depósitos de grasa subcutánea y visceral (gráficas C y D, respectivamente) en hembras descendientes de 
madres con una dieta ajustada al 100% y al 50% de las necesidades de mantenimiento en gestación 
(líneas continuas y discontinuas, respectivamente) y con dieta controlada y ejercicio (puntos blancos) o 
en condiciones obesogénicas (puntos negros) durante el periodo juvenil 
 
El análisis conjunto de los resultados obtenidos en los diferentes experimentos indica, 
en resumen, una fuerte interacción entre las condiciones pre- y postnatales en el 
desarrollo del fenotipo adulto. La figura 6 muestra el papel relativo de estas 
condiciones sobre los cambios en el peso, corpulencia y engrasamiento durante el 
periodo de crecimiento postnatal. En general, hembras con dietas obesogénicas 
durante el periodo postnatal presentan mayor peso y volumen corporal que hembras 
con alimentación controlada, independientemente de sus condiciones prenatales. A su 
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vez, hembras procedentes de gestaciones con restricción alimentaria presentan mayor 
peso y corpulencia que hembras control, tanto en dietas controladas como 
obesogénicas. Finalmente, la tendencia a la deposición grasa subcutánea parece estar 
determinada principalmente por la alimentación postnatal; en el caso de la grasa 
visceral, el efecto parece ser similar, pero se detectan diferencias muy significativas y 
más notables entre hembras control y restringidas expuestas a dietas obesogénicas.  
 
Estos hallazgos podrían tener interesantes connotaciones, por un lado, orientadas a 
Producción Animal, ya que la alimentación de las madres gestantes puede constituir 
una estrategia de manejo ganadero que dé lugar a una progenie más sana, más 
productiva y a una posible mejora de las características de los tejidos (por lo tanto, de 
canal y de calidad de producto revalorizada). Por otro lado, indica la relevancia del 
cerdo Ibérico como modelo translacional para la ampliación del conocimiento de la 
programación del desarrollo en humana y por ende, de la mejora en el bienestar y 
salud humana. 
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5. CONCLUSIONES 
 
1. La resonancia magnética constituye una técnica válida, fiable y factible para la 
determinación de la grasa subcutánea y visceral en porcino. 
 
2. La exploración por resonancia magnética de sólo dos RAI y dos PM en cada RAI 
es representativa del engrasamiento del individuo y reduce la exploración a 
15min/animal, posibilitando así estudios secuenciales en animales vivos, sin 
comprometer su bienestar. 
 
3. En el cerdo Ibérico, la exposición materna a carencias o excesos nutricionales 
durante toda o parte de la gestación afecta a la expresión del fenotipo en la 
descendencia (morfometría, adiposidad y características metabólicas) en clara 
concordancia con lo que se denomina programación del desarrollo.  
 
4. Los efectos de la malnutrición materna son diferentes dependiendo del sexo del 
individuo y del momento y duración de la malnutrición; estos efectos incluyen 
modificaciones de la corpulencia, de la adiposidad y alteraciones metabólicas en 
la descendencia, evidenciándose mayor deposición grasa visceral e 
intramuscular u obesidad central y dislipidemia así como alteraciones en el 
metabolismo glucídico y lipídico. 
 
5. El ambiente postnatal, en concreto, la nutrición y el nivel de actividad física, 
pueden modular la aparición de efectos físicos y metabólicos relacionados con 
malnutrición durante la gestación. A pesar de los cambios a nivel de la 
expresión génica y de los patrones de crecimiento inducidos por la 
programación prenatal, un adecuado ambiente postnatal evita aumentos en el 
nivel de engrasamiento y alteraciones en el metabolismo glucídico o lipídico, 
presentando además las mismas características reproductivas que el grupo 
control.  
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6. CONCLUSIONS 
 
1. Magnetic resonance imaging is a reliable, valid and feasible technique to 
determine visceral and subcutaneous fat in pigs. 
 
2. The exploration with magnetic resonance imaging of just two Anatomic Regions 
of Interest and two Measurement points is enough to represent the fatness of 
the individual; this approach reduces the exploration time to 15min/animal, 
allowing sequential studies in live animals, without compromising their welfare. 
 
3. In Iberian pig, the maternal exposure to nutritional deficiency or excess during 
all or part of their gestation, affects the expression of the phenotype in the 
offspring (morphometry, adiposity and metabolic characteristics) in accordance 
with the principle of “development programming”.  
 
4. The effects of the malnutrition are different depending on the sex of the 
individual and on the time and length of the malnutrition; these effects include 
changes in the size and adiposity, as well as metabolic abnormalities in the 
offspring; , greater visceral and intramuscular fat deposition or central obesity, 
dyslipidemia and alterations in glucose and lipid metabolism has been also 
observed. 
 
5. The postnatal environment, specifically, the nutrition and physical activity can 
positively modulate the changes caused by malnutrition during pregnancy. The 
prenatal programming induces changes at the level of the gene expression and 
growth patterns in the offspring; however, an adequate postnatal environment 
prevents the changes in the level of fat and the alterations in glucose and lipid 
metabolism, sharing similar reproductive characteristics that the control group. 
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Abstract
Purposes:  To  determine  the  feasibility  of  MRI  for  imaging  subcutaneous  and  visceral  adiposity  in
longitudinal  studies  in  obese  swine  models  (Iberian  pig).  To  establish  the  anatomical  regions  of
interest (ROIs)  and  measurement  points  (MPs)  adequate  for  their  evaluation  through  analyses
on the  inter-individual  variability  and  over-time  reproducibility  and  through  the  assessment  of
their reliability  and  validity  by  comparison  with  in  vivo  and  ex  vivo  zoometric  data.
Material  and  methods:  Five  male  and  five  female  pigs  were  used  from  four  (live  weight  around
48 kg  and  back-fat  depth  around  18  mm)  to  eight  months  old  (live  weight  134  kg  and  back-fat
depth around  48  mm).  MRI  was  carried  out  with  a  Panorama  0.23T  scanner  (Philips  Medical
Systems, Best,  Netherlands),  using  a  body/spine  XL  coil.
Results:  The  ROIs  of  election  for  visualization  of  subcutaneous  data  are  located  from  the  cranial
margin of  left  diaphragmatic  crura  to  the  lumbar  vertebrae  L3.  Visceral  adiposity  may  be  equally
evaluated from  the  vertebrae  L1  to  L3.
Conclusions:  MRI  allows  the  evaluation  of  subcutaneous  and  visceral  fatness  in  a  single  acqui-
sition, which  improves  animal  welfare  and  time-  and  cost-efficiency  and  provides  an  accurate,
consistent  and  repeatable  procedure  for  sequential  studies  of  adiposity  in  obese  swine.
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The  study  of  the  patterns  of  growth  and  fat  deposition
in  swine  and  the  knowledge  of  the  effects  from  endogenous
and  exogenous  factors  (i.e.  genetics,  age  and  environmental
influences;  mainly,  nutrition)  on  adipogenesis,  anatomical
partitioning  and  accumulation  and  mobilization  of  fat  depots
have  a  dual  purpose.  Firstly,  it  is  useful  for  animal  production
by  favoring  the  development  of  strategies  for  the  improve-
ment  of  pig  management  and  pork  products  [1]. Second,  it
is  useful  for  biomedicine  studies;  specifically,  on  obesity  [2].
Obesity  is  traditionally  more  prevalent  in  adults;  how-
ever,  its  incidence  during  childhood  is  increasing  at  an
alarming  rate  (http://www.who.int/dietphysicalactivity/
childhood/en/).  Moreover,  overweight  children  are  likely  to
develop  in  obese  adults  with  higher  incidence  of  associated
disorders  like  diabetes  and  cardiovascular  disease.  Thus,  the
research  in  the  area  has  been  boosted,  both  by  epidemi-
ological  and  interventional  studies.  However,  mechanistic
experimentation  is  not  affordable  in  human  beings  and
therefore,  animal  models  need  to  be  used.  Currently,  the  pig
is  widely  recognized  as  an  amenable  biomedical  model  for
research  in  obesity  because  it  shares  several  similarities  with
humans:  omnivorous  habits,  propensity  to  sedentary  behav-
ior  and  obesity,  as  well  as  similar  metabolic,  gastrointestinal
and  cardiovascular  features  [2—7].  Animal  experimentation
needs  to  be  translational;  circumstance  absolutely  fulfilled
in  swine  since  its  body  size  allows  the  application  of  imag-
ing  techniques  and  the  serial  sampling  of  large  amounts  of
blood  and  tissues.  In  obesity  studies,  imaging  of  anatom-
ical  structures  and  measurement  of  whole  body  fat,  both
in  humans  and  animal  models,  may  be  performed  either  by
computed  tomography  (CT)  or  magnetic  resonance  imaging
(MRI).  Both  techniques  have  a  high  spatial  resolution  and  an
excellent  delineation  of  anatomical  structures,  but  MRI  has
the  important  advantage  of  not  having  radiation  exposure
[1,8,9].
The  present  study  was  developed  in  order  to  determine
the  feasibility  of  MRI  for  imaging  subcutaneous  and  visceral
adiposity  in  longitudinal  studies  in  the  Iberian  pig,  a  swine
breed  with  predisposition  to  obesity  and  well-characterized
as  biomedical  model  for  metabolic  syndrome  and  type-2  dia-
betes  [10].  A  second  objective  of  the  experiment  was  to
find  out  the  anatomical  regions  of  interest  (ROIs)  and  the
measurement  points  (MPs)  adequate  for  the  evaluation  of
subcutaneous  and  visceral  fat;  the  selection  of  a  few  ROIs
and  MPs  representatives  of  the  total  adiposity  would  reduce
the  time  of  the  MRI  scans  and  would  facilitate  its  application
in  practice.  The  different  ROIs  and  MPs  were  chosen  on  the
basis  of  anatomical  references;  their  adequacy  was  estab-
lished  through  analyses  on  the  inter-individual  variability
and  over-time  reproducibility  and  through  the  assessment
of  their  reliability  and  validity  by  comparison  with  in  vivo
and  ex  vivo  zoometric  data.
Material and methods
Animals and  husbandry
Ten  piglets  (5  males  and  5  females)  of  the  Iberian  breed
were  used.  The  experiment  was  carried  out  under  Project
License  from  the  INIA  Scientific  Ethic  Committee  and  ani-
mal  manipulations  were  performed  according  to  the  Spanish
Policy  for  Animal  Protection  RD1201/05,  which  meets  the
European  Union  Directive  86/609  about  the  protection  of
animals  used  in  experimentation.  At  the  beginning  of  the
experimental  procedure,  the  piglets  were  around  4  months
old  and  had  a  mean  live  weight  around  48  kg  (ranging  from
37  to  51  kg)  and  a  mean  back-fat  depth  around  18  mm  (ran-
ging  from  15.1  to  22.5  mm).  These  animals  were  housed  in
collective  pens  at  the  facilities  of  the  INIA  Animal  Labora-
tory  Unit  (Madrid,  Spain),  which  meets  the  requirements  of
the  European  Union  for  Scientific  Procedure  Establishments.
All  the  piglets,  during  the  experimental  period,  had  ad  libi-
tum  access  to  water  and  to  a  standard  grain-based  food  diet,
with  mean  values  of  89.8%  of  dry  matter,  15.1%  of  crude  pro-
tein  and  6.3%  of  fat,  for  inducing  obesity.  Thus,  at  the  end
of  the  experiment,  when  the  pigs  were  8  months  old,  they
had  a  mean  live  weight  around  134  kg  (ranging  from  113  to
139.5  kg)  and  a  mean  back-fat  depth  around  48  mm  (ranging
from  33.4  to  52.7  mm).
Experimental procedure
The  study  of  the  feasibility  of  MRI  measurement  at  different
anatomical  references  for  determination  of  adiposity,  and
age-  and  weight-related  changes,  was  carried  out  when  pigs
were  4,  6  and  8  months  old.
Previously  to  each  MRI  scan,  all  the  pigs  were  weighed,
weight  being  expressed  in  kilograms.  At  the  same  time,
thoracic  and  abdominal  circumferences  (TC  and  AC,  respec-
tively)  and  body-length  were  also  obtained,  in  meters,  by
means  of  a  measuring  tape  whilst  back-fat  depth  was  deter-
mined,  in  millimeters,  at  the  level  of  the  head  of  the  last  rib
with  a  SonoSite  S-Series  ultrasound  machine  equipped  with  a
multifrequency  (5—8  MHz)  lineal  array  probe  (SonoSite  Inc.,
Bothell,  WA).  Data  from  weight  and  body  sizes  were  used  for
determining  two  formulae  for  calculating  Body  Mass  Index
(BMI).
The  first  formula  (BMI1)  was  extrapolated  from  human
clinical  studies:
Weight (kg) /Length(m)2
The  second  formula  (BMI2)  takes  into  account  the  trunk
volume  and,  thus,  incorporated  values  of  thoracic  and
abdominal  circumferences  (TC  and  AC,  respectively),  indica-
tive  for  the  amount  of  total,  visceral  and  subcutaneous  fat
in  swine  [5,11,12]:
Weight (kg)
/3  ×  Length  × [(TC/2)2 + (AC/2)2 + (TC/2  ×  AC/2)]
Afterwards,  the  pigs  were  examined  by  MRI,  as  described
below,  after  sedation  with  xylazine  (Rompun,  Bayer  Ag,
Leverkusen,  Germany)  and  ketamine  (Imalgène  1000,
Merial,  Lyon,  France),  and  anesthesia  with  isofluorane
vapors  (IsoFlo,  Laboratorios  Esteve,  Barcelona  Spain)  for
minimizing  stress  and  breathing  movements  during  scans.
At  8  months  old,  the  males  were  euthanized  and  ex  vivo
evaluation  of  back-fat  depth  (at  the  level  of  the  head  of
the  last  rib,  comprising  from  skin  to  loin)  was  measured  by
means  of  a  ruler  for  comparison  with  ultrasound  and  MRI
measurements.
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Magnetic Resonance Imaging and image
analysis
MRI  scanning  was  carried  out  by  means  of  a  Panorama
0.23T  scanner  (Philips  Medical  Systems,  Best,  Netherlands),
using  a  body/spine  XL  coil.  Animals  were  placed  in  lateral
recumbence.  Images  were  obtained  in  the  transverse  plane
using  a  T1  weighted  TSE  (turbo  spin-echo)  sequence,  from
the  thoracic  inlet  through  the  cranial  margin  of  the  ilium.
Parameters  were  optimized  to  obtain  a  good  image  quality
in  the  minimum  time  possible  (Table  1).  It  was  necessary  to
divide  the  scan  into  3  or  4  different  acquisition,  depending
on  animal  size  and  age.
The  images  were  analyzed  in  a  dedicated  workstation
using  the  ViewForum  R6.3V1L3  software  package  (Philips
Medical  Systems,  Best,  Netherlands).  The  determination  of
regions  of  interest  (ROIs)  was  based  on  the  identification
of  anatomical  structures  easily  recognizable  in  observations
performed  in  different  individuals,  replicated  in  the  same
individuals  at  different  ages.  Based  on  their  disposition,
measurements  points  (MPs)  for  subcutaneous  fat  depots
were  based  on  lengths  whilst  MPs  for  visceral  depots  were
based  on  axial  areas.
Statistical analyses
Data  from  each  MP  in  each  ROI  and  each  scan  session
were  analyzed  using  SPSS® 19.0  (IBM,  NY,  USA).  In  order
to  determine  the  most  reliable  MP  in  each  ROI,  the  coef-
ficient  of  variation  (CV)  was  calculated  for  each  MP,  with  a
CV  ≤  0.4  indicating  a  good  reliability.  In  addition,  the  inter-
nal  consistency  of  each  MP  over  time  was  analyzed  with
the  Cronbach’s  alpha  coefficient  (CaC,  with  CaC  ≥  0.7  indi-
cating  a  good  internal  reliability).  The  selection  of  MPs
with  low  variation  between  genders,  individuals  and  scan
sessions  were  performed  based  on  a  combined  evaluation
of  both  CV  and  CaC.  The  consistence  of  such  candidate
MPs  was  determined  by  assessing  the  statistical  significance
of  differences  over  time,  performed  by  analysis  of  vari-
ance  (ANOVA)  for  repeated  measurements  (split-plot  ANOVA)
and  by  Duncan  post-hoc  test  comparing  the  differences
within  measurements  over  time.  Statistical  significance  was
accepted  from  P  <  0.05.  The  validation  of  the  subcutaneous
adiposity  measurement  was  performed  analyzing  the  differ-
ences  (T-student  test)  between  the  subcutaneous  adiposity
evaluated  with  MRI  and  the  ex  vivo  measurements  of  the  fat
Table  1  Parameters  of  Magnetic  Resonance  Imaging
(MRI)  for  the  evaluation  of  subcutaneous  and  visceral  fat
in  obese  swine.
TR  (ms)  600
TE  (ms)  16
Flip  angle  (◦) 90
Slice  thickness  (mm)  7
Space  between  slices  (mm) 7,7
FOV  (cm) 360—425  ×  268—510
Acquisition  matrix  240  ×  192
Number  of  averages  1
TR: repetition time; TE: echo time; FOV: field of view.
depot  postmortem;  a  satisfactory  validation  was  considered
when  P  >  0.05,  which  indicates  absence  of  statistically  sig-
nificant  differences.  Finally,  candidate  MPs  were  included  in
a  stepwise  model  for  assessing  their  predictability  for  body
fatness  (measured  by  body-weight,  TC,  AC,  BMI1,  BMI2  and
back-fat)  by  Pearson  correlation  procedures,  where  statis-
tical  significance  was  also  accepted  from  P  <  0.05.  Data  for
changes  over  time  were  expressed  as  the  mean  ±  SEM.
Results
MRI  scans  probed  to  be  highly  adequate  for  visualizing  adi-
pose  tissue  in  the  entire  body  and  for  accurately  determining
the  limits  and  measurements  of  fat  depots,  as  determined
by  validating  the  MRI  data  by  comparison  with  ex  vivo  mea-
surements.
Determination of ROIs and MPs for evaluation
of subcutaneous and visceral fat
The  different  ROIs  and  MPs  identified  for  subcutaneous  and
visceral  fat  are  detailed  in  Figs.  1  and  2;  five  ROIs  were
identified  at  the  thorax,  while  three  ROIs  were  identified
at  the  abdomen  (Fig.  1).  Most  of  the  ROIs  and  MPs  were
established  by  using  skeletal  and  muscular  structures  as
anatomical  references  (Fig.  2);  the  use  of  internal  organs
or  soft  tissues  had  a low  reliability  due  to  changes  in  their
position,  either  by  individual  characteristics  of  the  piglets  or
by  their  positioning  in  the  scanner.  The  selection  of  a  single
ROI  for  measurement  of  subcutaneous  and  visceral  fat  (or
the  selection  of  a  couple  of  ROIs,  one  for  each  one  of  the
measurements)  decreased  the  scan  time  from  35  minutes  to
approximately  10—15  minutes.
Inter-individual variability and over-time
reproducibility of MPs
In  all  the  animals,  body-weight  and  body-size  increased
over  time  (P  <  0.0005;  Fig.  3).  Thus,  the  size  of  most  of  the
Figure 1. Schematic image of the adequate regions of interest
(ROIs) for MRI evaluation of subcutaneous and visceral fat in obese
swine. The numbers represent: 1: cranial margin of the spine of
the scapula; 2: tracheal bifurcation; 3: caudal margin of the rhom-
boideus cervicis muscle; 4: caudal margin of the trapezius muscle;
5: cranial margin of the left diaphragmatic crura; 6: transverse pro-
cess of the first lumbar vertebrae (L1); 7: transverse process of the
second lumbar vertebrae (L2); 8: transverse process of the third
lumbar vertebrae (L3).
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structures  measured  by  MRI  was  affected  by  the  age  of  the
individuals  and,  hence,  the  number  of  MPs  suitable  for  the
adequate  evaluation  of  fatness  was  limited  by  over-time
reproducibility.  The  second  limiting  factor  was  the  inter-
individual  variability,  although  this  value  was  low  for  most
of  the  MPs;  CV  values  were  always  lower  than  0.3,  which
indicates  a  good  reliability.
For  the  evaluation  of  subcutaneous  fatness,  the  joint
evaluation  of  over-time  reproducibility  and  inter-individual
variability  defined  two  MPs  with  the  highest  consistence,
in  terms  of  the  Cronbach’s  alpha  coefficient.  The  first  MP
was  identified  like  a  line  perpendicular  to  the  tangent
of  the  muscle  longissimus,  from  the  muscle  to  the  cuta-
neous  surface  (A;  Fig.  2);  the  second  MP  was  defined  like
a  line  perpendicular  to  the  tangent  of  the  muscle  ilio-
costalis,  from  the  muscle  to  the  cutaneous  surface  (B;
Fig.  2),  The  highest  consistence  for  A  was  found  at  the
ROIs  5,  6  and  7  depicted  at  Fig.  1,  whilst  the  high-
est  consistence  for  B  was  found  at  the  ROIs  4,  5  and
8.
Figure 2. Image and description of the anatomical references for the different Regions of Interest (ROIs; upper case and identified by
numbers) and Measurement Points (MPs; lower case and identified by letters) for MRI evaluation of subcutaneous and visceral fat in obese
swine.
Author's personal copy
MRI  in  obese  swine  843
Figure 2. (Continued).
For  the  evaluation  of  visceral  fatness,  inter-individual
variability  was  low  but  the  consistency  of  the  MPs  was
affected  by  age  and  over-time  reproducibility.  At  the  stud-
ied  ages,  the  most  consistent  MP  was  located  at  the  level  of
the  ROI  8  depicted  at  Fig.  1.
The  evaluation  of  the  possible  relationships  between
changes  in  the  values  of  subcutaneous  and  visceral  fat
depots  at  the  different  MPs  estimated  also  showed  a  signif-
icant  effect  of  age.  There  was  a  non-significant  correlation
between  subcutaneous  and  visceral  fat  at  4  months  old  but
significant  relationships  at  6  and  8  months  old;  mainly,  when
comparing  subcutaneous  fat  values  of  MP  5B  with  visceral
adiposity  at  the  level  of  the  MP  8B  (P  <  0.05  for  all  of  them;
Fig.  4).
Relationship between MRI and zoometric data
for fatness assessment
The  analysis  of  the  relationships  between  MRI  data  for  fat
deposition  and  zoometric  measurements  included  values  for
body-weight,  TC  and  AC,  body-length,  body  mass  indexes
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Figure 3. Changes over time in mean values (± S.E.M.) for body-weight (a) and length (b) and thoracic and abdominal circumferences (c
and d) in obese pigs.
(BMI1  and  BMI2),  as  well  as  back-fat  depth  measured  by
ultrasonography.
The  body-weight  was  correlated  with  the  MPs  selected
for  measuring  subcutaneous  fat  (A  and  B  from  ROIs  5  to  8)
only  at  8  months  old,  regardless  of  sex  (P  <  0.05).  Conversely,
body-length  and  the  values  for  BMI1  (index  that  includes  the
body-length  in  its  formula)  were  not  related  to  any  of  the
MPs  at  any  age.
On  the  other  hand,  zoometric  data  indicative  of  fatness
(thoracic  and  abdominal  circumferences  and  BMI2  index,
which  includes  body-volume  in  the  formula)  were  found  to
be  related  to  the  values  of  the  MPs  for  subcutaneous  and  vis-
ceral  fatness.  However,  such  relationships  were  dependant
on  the  age  of  the  individuals.  In  this  way,  there  was  not  any
relationship  at  4  months  old.  At  6  months  old,  thoracic  and
abdominal  circumferences  and  BMI2  were  related  to  the  val-
ues  of  subcutaneous  fatness  at  both  MPs  A  and  B  in  all  the
ROIs  from  5  to  8  and  to  the  amount  of  visceral  adipose  tissue
at  the  ROI  8  (P  < 0.05  for  all  of  them).  At  8  months  old,  tho-
racic  and  abdominal  circumferences  and  BMI2  were  related
to  the  values  of  subcutaneous  fatness  at  the  same  MPs  and
ROIs  than  at  6  months  old;  however,  the  relationship  with
the  amount  of  visceral  adipose  tissue  was  lost.
In  summary,  the  ROIs  of  election  for  visualization  of  sub-
cutaneous  data,  having  in  mind  inter-individual  variability,
over-time  reproducibility  and  relationship  with  zoometric
data  are  located  from  ROIs  5  to  8.  Visceral  adiposity  may
be  equally  evaluated  from  ROIs  6  to  8.  Measurements  of
both  subcutaneous  and  visceral  data  in  a single  scan  can
be  performed  therefore  at  ROIs  6  to  8;  however,  the  rep-
resentation  for  adiposity  was  higher  when  considering  5B  or
6B  for  measuring  subcutaneous  fatness  and  8B  for  measuring
visceral  fatness  (Fig.  5).  Measurements  taken  at  MP  5B  are
most  representative  for  thoracic  and  abdominal  circumfer-
ences  (i.e.:  for  corpulence)  whilst  measurements  at  MP  6B
are  highly  representative  of  BMI2.
Finally,  ultrasonographic  measurement  of  back-fat  depth
at  P2  point  correlated  significantly  with  MRI  measurements
in  the  same  area,  in  the  ROIs  from  5  to  7  (P  <  0.05),  at  the
three  ages  considered.
Discussion
The  current  study  confirms  the  suitability  of  magnetic
resonance  imaging  (MRI)  for  visualizing  and  measuring  sub-
cutaneous  and  visceral  adipose  tissue  during  the  juvenile
development  of  obese  swine.
The  availability  of  a  non-invasive  imaging  technique
allowing  sequential  accurate  observations  of  phenotypic
changes  in  the  same  animal  constitutes  a  major  advance
in  the  field  since  studies  on  nutritional  condition  and  fat
deposition  have  been  traditionally  based  on  subjective  esti-
mation  by  palpation  and  physical  examination,  zoometry
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Figure 4. Relationship over time in the values (in cm and cm2) of
subcutaneous and visceral fat depots obtained by MRI in obese pigs.
and  morphological  observation  after  necropsy  or  surgery.  A
huge  body  of  knowledge  has  been  amassed  through  the  use
of  these  techniques  but,  in  some  cases,  accuracy  is  low;  in
other  cases,  their  highly  invasive  nature  makes  them  inap-
propriate  for  sequential  studies  on  the  same  animal.
The  use  of  MRI  also  improves  animal  care,  by  reducing
the  number  of  experimental  individuals  used  and  by  refining
studies  in  accordance  with  Russell  and  Burch’s  3Rs  model
for  animal  research  (refinement,  reduction  and  replacement
[13]).  An  additional  and  relevant  advantage  is  that,  by  using
the  same  diagnostic  and  observational  techniques  than  used
in  the  clinical  practice,  MRI  will  be  especially  appropriate
to  translational  studies.
The  other  candidate  imaging  techniques,  enabling  direct
viewing  of  body  tissues  and  direct  measurements  from  the
image,  would  be  ultrasonography  (US)  and  computed  tomo-
graphy  (CT).  US  is  commonly  used  in  practice  since  allows
a  rapid  determination  of  subcutaneous  fat,  without  neces-
sity  of  immobilization  and/or  anesthesia;  however,  it  does
not  allow  direct  measurements  of  visceral  adiposity,  when
evaluation  of  visceral  adipose  tissue  is  especially  important
due  to  its  closely  relationship  to  the  metabolic  status  and
to  obesity-associated  diseases  [14—17]. Visceral  adiposity
needs  to  be  evaluated  by  techniques  that  enable  the  visu-
alization  of  the  entire  body;  i.e.:  CT  or  MRI.  The  procedure
for  examination  of  the  animal  is  very  similar  in  CT  and  MRI
techniques  and  both  are  adequate  for  visualization  of  subcu-
taneous  and  visceral  adipose  tissue  [1,5,9,18—20].  However,
there  is  an  important  difference;  unlike  CT  scans,  MRI  does
not  use  ionizing  radiation.
The  main  disadvantage  of  MRI  evaluation  of  adipose  tis-
sue  (which  is  also  the  case  in  CT),  would  be  the  time
elapsed  for  immobilization,  sedation,  anesthesia  and  sub-
sequent  observation  of  the  entire  body  of  the  animal.  The
characterization,  in  our  study,  of  a  few  selected  ROIs  and
MPs,  instead  of  whole  body  imaging,  allows  to  a  markedly
decrease  in  the  time  needed  for  anesthesia  and  scanning,
from  35  to  10—15  minutes.  In  brief,  measurements  of  both
subcutaneous  and  visceral  data  in  a  single  scan  can  be
performed  at  ROIs  6  to  8  (from  the  first  to  the  third  lum-
bar  vertebrae);  however,  the  accuracy  is  higher  at  MPs  5B
or  6B  for  measuring  subcutaneous  fatness  (at  the  cranial
margin  of  the  left  diaphragmatic  crura  or  at  the  level  of
the  first  lumbar  vertebra,  respectively)  and  at  the  MP  8B
for  measuring  visceral  fatness  (at  the  level  of  the  third
lumbar  vertebra).  The  use  of  these  MPs  provides  not  only
an  easier  and  faster  method  but  also  the  most  accurate,
consistent  and  repeatable  procedure  for  quantification  of
subcutaneous  and  visceral  fat  in  successive  measurements
over  time.
Evaluation  of  subcutaneous  adiposity  was  consistent  over
time.  We  have  to  note  that  the  MPs  for  subcutaneous  deter-
mination  of  adiposity  by  MRI  are  coincidental  with  the  P2
point  traditionally  used  for  measurements  of  subcutaneous
fatness  in  pigs,  either  by  palpation  or  ultrasonography  or,
more  currently,  by  CT  scanning  [21,22]. Moreover,  MRI  and
ultrasonographic  data  at  such  point  were  highly  correlated
in  the  present  work.  Thus,  we  agree  with  McEvoy  and  co-
workers  [22]  in  that  P2  is  situated  in  a  ROI  with  low  variation
and  optimal  correlation  with  the  total  volume  of  subcuta-
neous  fat.
Evaluation  of  visceral  adiposity,  conversely  to  subcu-
taneous  fatness,  was  affected  by  age.  There  was  a  low
consistency  at  4  months  old,  which  we  can  hypothesize  to  be
related  to  a  higher  rate  of  subcutaneous/visceral  fat  deposi-
tion  at  such  age.  Hypothesis  that  is  supported,  in  the  current
study,  by  the  lack  of  relationships  between  visceral  adiposity
at  4  months  old  and  both  subcutaneous  fatness  and  zoomet-
ric  data  (weight,  thoracic  and  abdominal  circumferences
and,  subsequently,  BMI2).  There  are  no  previous  studies  on
visceral  fat  deposition  in  Iberian  pigs,  to  our  knowledge,  but
data  from  minipigs  are  also  supporting  our  current  results
[5].
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Figure 5. Representative relationships (6 months old) among selected MRI values (in cm) obtained at measurement points 5B (left panels),
6B (middle panels) and 8B (right panels) and zoometric data (thoracic and abdominal circumferences in cm and BMI2) for fatness assessment
in obese pigs.
In  conclusion,  the  current  study  characterizes  a  few
selected  ROIs  and  MPs,  instead  of  whole  body  imaging,  for
evaluation  of  subcutaneous  and  visceral  fat  in  obese  swine.
These  results  make  possible  to  dramatically  decrease  the
time  for  anesthesia  and  scanning,  from  35  to  10—15  minutes
in  each  animal,  which  is  saving  time  and  money  and  improv-
ing  animal  welfare  in  biomedical  studies.  The  use  of  these
MPs  provides  not  only  an  easier  and  faster  method  but  also
the  most  accurate,  consistent  and  repeatable  procedure  for
sequential  studies  of  adiposity  in  the  same  animals.  This  fact
means  availability  of  reliable  longitudinal  data  without  sac-
rifice  or  surgery  of  the  animal,  but  it  also  means  increased
statistical  and  translational  power  by  performing  sequential
intra-individual  comparisons.  Furthermore,  the  procedure
described  in  the  present  study  can  be  directly  translated
to  any  other  swine  breed  or  to  any  other  animal  model.
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Résumé
Objectifs.  —  Déterminer  la  faisabilité  de  l’IRM  pour  la  réalisation  d’imageries  de  la  graisse  sous-
cutanée et  viscérale  au  cours  d’études  longitudinales  sur  des  modèles  porcins  d’obésité  (porc
ibérique)  in  vivo.  Établir  les  régions  d’intérêt  (RDI)  anatomiques  et  les  points  de  mesure  (PM)
adéquats afin  de  les  évaluer  par  des  analyses  portant  sur  la  variabilité  inter-individuelle  et  leur
reproductibilité  au  cours  du  temps  et  par  l’évaluation  de  leur  fiabilité  et  de  leur  validité  par
rapport à  des  données  zoométriques  in  vivo  et  ex  vivo.
Matériels  et  méthodes.  —  Cinq  porcs  mâles  et  cinq  porcs  femelles  âgés  de  quatre  à  huit  mois
ont été  utilisés.  L’IRM  a  été  effectuée  avec  un  appareil  Panorama  de  0,23  T  (Philips  Medical
Systems, Best,  Pays-Bas),  en  utilisant  une  antenne  corps/rachis  XL  (body/spine  XL  coil).
Résultats.  —  Les  RDI  de  choix  pour  la  visualisation  des  données  sous-cutanées  sont  situées  entre
le bord  cranial  du  pilier  gauche  du  diaphragme  et  la  vertèbre  lombaire  L3.  L’adiposité  viscérale
peut également  être  évaluée  des  vertèbres  L1  à  L3.
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Conclusions.  —  L’IRM  permet  l’évaluation  de  la  graisse  sous-cutané  et  viscérale  lors  d’une  seule
acquisition,  ce  qui  améliore  le  bien-être  animal  ainsi  que  les  rapports  temps—efficacité  et
coût—efficacité,  et  permet  de  réaliser  une  procédure  précise,  cohérente  et  répétable  pour  des
études ultérieures  de  l’adiposité  chez  des  porcs  obèses.
© 2014  Éditions  franc¸aises  de  radiologie.  Publié  par  Elsevier  Masson  SAS.  Tous  droits  réservés.
L’étude  des  schémas  de  croissance  et  de  dépôt  de  tis-
sus  adipeux  chez  le  porc  et  la  connaissance  des  effets
des  facteurs  endogènes  et  exogènes  (c’est-à-dire,  facteurs
génétiques,  liés  à  l’âge  et  à  l’environnement  ;  principale-
ment  nutrition)  de  la  lipogenèse,  la  répartition  anatomique
et  l’accumulation  et  la  mobilisation  des  dépôts  graisseux,
poursuit  un  double  objectif.  Tout  d’abord,  il  est  utile  pour
la  production  animale  en  favorisant  le  développement  de
stratégies  pour  l’amélioration  de  la  gestion  des  porcs  et  des
produits  issus  de  la  viande  de  porc  [1].  En  deuxième  lieu,  elle
est  utile  pour  des  études  de  biomédecine  ;  en  particulier  sur
l’obésité  [2].
L’obésité  présente  généralement  une  prévalence  supé-
rieure  chez  l’adulte  ;  cependant,  son  incidence  au  cours
de  l’enfance  montre  un  taux  d’augmentation  alarmant
(http://www.who.int/dietphysicalactivity/childhood/en/).
En  outre,  les  enfants  en  surpoids  deviendront  vraisem-
blablement  des  adultes  obèses,  qui  présenteront  une
augmentation  de  l’incidence  de  pathologies  associées,
comme  le  diabète  et  les  maladies  cardio-vasculaires.  Par
conséquent,  les  recherches  dans  le  domaine  ont  connu  une
accélération,  aussi  bien  par  des  études  épidémiologiques
qu’interventionnelles.  Cependant,  certaines  expérimenta-
tions  ne  sont  pas  réalisable  chez  l’homme,  c’est  pourquoi
des  modèles  animaux  doivent  être  utilisés.  Actuellement,
le  porc  est  largement  considéré  comme  un  modèle  bio-
médical  adapté  pour  les  recherches  sur  l’obésité,  car
il  partage  un  certain  nombre  de  caractéristiques  avec
l’homme  ;  régime  omnivore,  propension  au  comportement
sédentaire  et  à  l’obésité,  et  caractéristiques  métabo-
liques,  gastro-intestinales  et  cardio-vasculaires  similaires
[2—7].  Les  expérimentations  chez  l’animal  doivent  être
translationnelles  ;  cette  condition  est  entièrement  rem-
plie  chez  le  porc  dans  la  mesure  où  sa  taille  corporelle
permet  l’application  de  techniques  d’imagerie  et  le
prélèvement  en  série  d’échantillons  importants  de  sang
et  de  tissus.  Dans  les  études  sur  l’obésité,  l’imagerie
des  structures  anatomiques  et  la  mesure  de  la  graisse
de  l’organisme  entier,  à  la  fois  chez  l’homme  et  dans
les  modèles  animaux,  peuvent  être  réalisées  soit  par
tomodensitométrie  (TDM)  soit  par  imagerie  par  résonance
magnétique  (IRM).  Les  deux  techniques  montrent  une
résolution  spatiale  élevée  et  une  excellente  délimitation
des  structures  anatomiques,  toutefois  l’IRM  présente
l’avantage  important  de  ne  pas  exposer  aux  rayons  X  (RX)
[1,8,9].
La présente  étude  a  été  développée  afin  de  détermi-
ner  la  faisabilité  de  l’IRM  pour  la  réalisation  d’imageries
de  la  graisse  sous-cutanée  et  viscérale  dans  des  études
longitudinales  chez  le  porc  ibérique,  une  race  présentant
une  prédisposition  à  l’obésité  et  constituant  un  modèle
biomédical  bien  caractérisé  pour  le  syndrome  métabolique
et  le  diabète  de  type  2  [10].  Le  deuxième  objectif  de
l’expérimentation  a  été  de  déterminer  des  régions  d’intérêt
(RDI)  anatomiques  et  des  points  de  mesure  (PM)  adéquats
pour  l’évaluation  de  la  graisse  sous-cutanée  et  viscérale  ;
la  sélection  de  quelques  RDI  et  PM  représentant  la  graisse
totale  permettrait  de  réduire  la  durée  des  IRM  et  faci-
literait  son  utilisation  en  pratique.  Les  différents  RDI  et
PM  ont  été  choisis  sur  la  base  de  références  anatomiques  ;
leur  adéquation  a  été  établie  par  des  analyses  portant  sur
la  variabilité  inter-individuelle  et  leur  reproductibilité  au
cours  du  temps,  et  par  l’évaluation  de  leur  fiabilité  et  de  leur
validité  par  rapport  à  des  données  zoométriques  in  vivo  et  ex
vivo.
Matériels et méthodes
Animaux et élevage
Dix  porcelets  (5  mâles  et  5  femelles)  de  race  ibérique
ont  été  utilisés.  L’expérimentation  a  été  menée  dans  le
cadre  d’une  licence  de  projet  accordée  par  le  Comité
d’éthique  scientifique  de  l’Instituto  Nacional  de  Investi-
gación  y Tecnología  Agraria  y  Alimentaria  (INIA)  et  les
manipulations  des  animaux  ont  été  réalisées  conformé-
ment  à  la  Politique  espagnole  pour  la  protection  des
animaux  RD1201/05,  se  conformant  à  la  directive  de  l’Union
européenne  86/609  relative  à  la  protection  des  animaux
utilisés  à  des  fins  expérimentales.  Au  début  de  la  procé-
dure  expérimentale,  les  porcelets  étaient  âgés  d’environ
quatre  mois  et  présentaient  un  poids  moyen  d’environ
48  kg  (entre  37  et  51  kg)  et  une  épaisseur  moyenne  de  la
graisse  dorsale  d’environ  18  mm  (entre  15,1  et  22,5  mm).
Ces  animaux  ont  été  logés  dans  des  enclos  collectifs  à
l’intérieur  des  locaux  de  l’unité  des  animaux  de  labora-
toire  de  l’INIA  (Madrid,  Espagne),  qui  répond  aux  exigences
de  l’Union  européenne  relatives  aux  établissements  réa-
lisant  des  procédures  scientifiques.  Tous  les  porcelets,
au  cours  de  la  période  expérimentale,  ont  eu  accès  à
volonté  à  de  l’eau  et  à un  aliment  standard  à  base  de
céréales,  présentant  des  valeurs  moyennes  de  89,8  %  de
matière  sèche,  de  15,1  %  de  protéines  brutes  et  de  6,3  %
de  lipides,  afin  d’induire  une  obésité.  Par  conséquent,
à  la  fin  de  l’expérimentation,  lorsque  les  porcs  étaient
âgés  de  huit  mois,  leur  poids  moyen  avait  atteint  envi-
ron  134  kg  (entre  113  et  139,5  kg)  et  l’épaisseur  moyenne
de  la  graisse  dorsale  était  d’environ  48  mm  (entre  33,4  et
52,7  mm).
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Procédure expérimentale
L’étude  de  faisabilité  de  la  mesure  par  IRM  de  diffé-
rentes  références  anatomiques  pour  la  détermination  de
l’adiposité  et  des  changements  liés  à  l’âge  et  au  poids  a  été
réalisée  lorsque  les  porcelets  étaient  âgés  de  4,  6  et  8  mois.
Avant  chaque  IRM,  tous  les  porcelets  ont  été  pesés,  le
poids  étant  exprimé  en  kilogrammes.  Parallèlement,  les  cir-
conférences  thoracique  et  abdominale  (respectivement  CT
et  CA)  et  la  longueur  du  corps  ont  également  été  mesurées
en  mètres,  avec  un  mètre  ruban,  tandis  que  l’épaisseur  de
la  graisse  dorsale  a  été  déterminée  en  millimètres  au  niveau
de  la  tête  de  la  dernière  côte,  en  utilisant  un  échographe
SonoSite  S-Series  équipé  d’une  sonde  en  réseau  linéaire  mul-
tifréquence  (5—8  MHz)  (SonoSite  Inc.,  Bothell,  Washington).
Les  données  relatives  au  poids  et  à  la  taille  ont  été  utili-
sées  pour  déterminer  deux  formules  permettant  de  calculer
l’indice  de  masse  corporelle  (IMC).
La  première  formule  (IMC1)  a  été  extrapolée  des  études
cliniques  menées  chez  l’homme  :
Poids (kg) /taille(m)2
La  deuxième  formule  (IMC2)  tient  compte  du  volume  du
thorax  et  par  conséquent  incorpore  les  valeurs  des  circon-
férences  thoracique  et  abdominale  (respectivement  CT  et
CA),  indiquant  la  quantité  de  graisse  totale,  viscérale  et
sous-cutanée  chez  le  porc  [5,11,12]  :
Poids (kg)
/3  ×  taille  × [(CT/2)2 + (CA/2)2 + (CT/2  ×  CA/2)]
Ensuite,  une  IRM  a  été  effectuée  sur  les  porcs,  selon  la
description  ci-dessous,  après  sédation  induite  par  l’asso-
ciation  de  xylazine  (Rompun,  Bayer  Ag,  Leverkusen,  Alle-
magne)  et  de  kétamine  (Imalgène  1000,  Merial,  Lyon,
France),  suivie  d’une  anesthésie  par  des  vapeurs  d’iso-
flurane  (IsoFlo,  Laboratorios  Esteve,  Barcelone,  Espagne)
afin  de  minimiser  le  stress  et  les  mouvements  respiratoires
au  cours  des  imageries.  À  l’âge  de  8  mois,  les  mâles  ont  été
euthanasiés  et  une  évaluation  ex  vivo  de  l’épaisseur  de  la
graisse  dorsale  (au  niveau  de  la  tête  de  la  dernière  côte,
composée  de  la  peau  de  la  région  lombaire)  a  été  effectuée
avec  une  règle,  afin  de  comparer  cette  valeur  aux  mesures
effectuées  par  échographie  et  IRM.
Imagerie par résonance magnétique et analyse
des imageries
L’IRM  a  été  réalisée  à  l’aide  d’un  appareil  Panorama  de
0,23  T  (Philips  Medical  Systems,  Best,  Pays-Bas),  en  utilisant
une  antenne  corps/rachis  XL  (body/spine  XL  coil). Les  ani-
maux  ont  été  placés  en  décubitus  latéral.  Les  images  ont  été
obtenues  sur  le  plan  transverse  en  utilisant  une  séquence  en
écho  de  spin  rapide  pondérée  en  T1,  de  l’orifice  supérieur
du  thorax  jusqu’au  bord  cranial  de  l’ilium.  Les  paramètres
ont  été  optimisés  pour  obtenir  une  bonne  qualité  d’image
au  cours  de  la  durée  la  plus  courte  possible  (Tableau  1).  Il  a
été  nécessaire  de  diviser  l’imagerie  en  trois  ou  quatre  acqui-
sitions  différentes,  en  fonction  de  la  taille  et  de  l’âge  des
animaux.
Tableau  1  Paramètres  de  l’imagerie  par  résonance
magnétique  (IRM)  pour  l’évaluation  de  la  graisse  sous-
cutanée  et  viscérale  chez  des  porcs  obèses.
TR  (ms)  600
TE  (ms) 16
Angle  de  bascule  90◦
Épaisseur  de  coupe  (mm)  7
Espace  intercoupe  (mm)  7,7
FOV  (champ  de  vue)  (cm) 360—425  ×  268—510
Matrice  d’acquisition 240  ×  192
Nombre  de  moyennes 1
Les  images  ont  été  analysées  sur  un  poste  de  travail  dédié
utilisant  le  progiciel  ViewForum  R6.3V1L3  (Philips  Medical
Systems,  Best,  Pays-Bas).  La  détermination  des  régions
d’intérêt  (RDI)  a  été  basée  sur  l’identification  des  structures
anatomiques  facilement  reconnaissables  au  cours  des  obser-
vations  effectuées  chez  différents  individus,  répliquées  chez
les  mêmes  individus  à  différents  âges.  Sur  la  base  de  leur
localisation,  les  points  de  mesure  (PM)  pour  les  dépôts  de
graisse  sous-cutanée  ont  été  basés  sur  des  régions  longitu-
dinales,  tandis  que  les  PM  pour  les  dépôts  viscéraux  ont  été
basés  sur  des  régions  axiales.
Analyses statistiques
Les  données  de  chaque  PM  dans  chaque  RDI  et  de  chacune
des  séances  d’imagerie  ont  été  analysées  avec  le  logiciel
SPSS® 19.0  (IBM,  New  York,  États-Unis).  Afin  de  déterminer
le  PM  le  plus  fiable  de  chaque  RDI,  le  coefficient  de  variation
(CV)  a  été  calculé  pour  chaque  PM,  un  CV  ≤  0,4  indiquant
une  bonne  fiabilité.  En  outre,  la  concordance  interne  de
chaque  PM  au  cours  du  temps  a  été  analysée  avec  le  coef-
ficient  alpha  de  Cronbach  (CaC,  CaC  ≥  0,7  indiquant  une
bonne  fiabilité  interne).  Le  choix  des  PM  présentant  une
faible  variation  entre  les  sexes,  les  individus  et  les  séances
d’imagerie  a  été  effectué  sur  la  base  d’une  évaluation
combinée  du  CV  et  du  CaC.  La  concordance  de  ces  PM
candidats  a  été  déterminée  en  évaluant  la  signification  sta-
tistique  des  différences  au  cours  du  temps,  avec  une  analyse
de  variance  (ANOVA)  pour  mesures  répétées  (ANOVA  avec
méthode  des  parcelles  subdivisées  ou  split-plot  ANOVA)  et
par  le  test  post-hoc  de  Duncan  comparant  la  différence
entre  les  mesures  au  cours  du  temps.  La  signification  statis-
tique  a  été  définie  pour  une  valeur  de  p  <  0,05.  La  validation
de  la  mesure  de  la  graisse  sous-cutanée  a  été  effectuée
en  analysant  les  différences  (test  t  de  Student)  entre  la
graisse  sous-cutanée  évaluée  par  IRM  et  les  mesures  du
dépôt  graisseux  ex  vivo  réalisées  post-mortem  ; une  vali-
dation  satisfaisante  a  été  considérée  comme  établie  pour
une  valeur  de  p <  0,05,  correspondant  à  une  absence  de
différence  statistiquement  significative.  Enfin,  les  PM  can-
didats  ont  été  inclus  dans  un  modèle  progressif  destiné  à
évaluer  leur  capacité  de  prévoir  l’engraissement  (mesuré
par  les  paramètres  suivants  :  poids  corporel,  CT,  CA,  IMC1,
IMC2  et  graisse  dorsale)  par  les  procédures  de  corrélation
de  Pearson,  la  signification  statistique  étant  également  éta-
blie  pour  une  valeur  de  p  <  0,05.  Les  données  concernant  les
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changements  au  cours  du  temps  ont  été  exprimées  par  la
moyenne  ±  erreur  type  de  la  moyenne  (ETM).
Résultats
Il  a  été  déterminé  que  l’IRM  était  parfaitement  adaptée  à  la
visualisation  du  tissu  adipeux  dans  le  corps  entier  et  pour  la
détermination  précise  des  limites  et  des  mesures  des  dépôts
graisseux,  comme  cela  a  été  établi  en  validant  les  données
de  l’IRM  par  comparaison  avec  les  mesures  ex  vivo.
Détermination des RDI et des PM pour
l’évaluation de la graisse sous-cutanée et
viscérale
Les  RDI  et  les  PM  identifiés  pour  la  graisse  sous-cutanée
et  viscérale  sont  présentés  en  détail  sur  les  Fig.  1  et  2  ;
cinq  RDI  ont  été  identifiées  au  niveau  du  thorax  et  trois
RDI  au  niveau  de  l’abdomen  (Fig.  1).  La  plupart  des  RDI
et  des  PM  ont  été  établis  en  utilisant  des  structures  sque-
lettiques  et  musculaires  comme  références  anatomiques
(Fig.  2)  ;  l’utilisation  des  organes  internes  ou  des  tissus
mous  présente  une  fiabilité  insuffisante  compte  tenu  de
leur  changement  de  position,  soit  à  cause  des  caractéris-
tiques  individuelles  des  porcelets  soit  par  leur  placement
dans  l’appareil  d’imagerie.  La  sélection  d’une  RDI  unique
pour  la  mesure  de  la  graisse  sous-cutanée  et  viscérale  (ou
la  sélection  de  deux  RDI,  une  pour  chacune  des  mesures)  a
diminué  la  durée  de  l’imagerie  de  35  minutes  à  environ  10  à
15  minutes.
Variabilité inter-individuelle et
reproductibilité au cours du temps des PM
Chez  tous  les  animaux,  le  poids  corporel  et  la  taille  ont
augmenté  au  cours  du  temps  (p  <  0,0005  ;  Fig.  3).  Par  consé-
quent,  la  taille  de  la  plupart  des  structures  mesurées  par
IRM  a  été  affectée  par  l’âge  des  individus  et  le  nombre  de
Figure 1. Représentation schématique des régions d’intérêt (RDI)
adéquates pour l’évaluation par IRM de la graisse sous-cutanée et
viscérale chez des porcs obèses. Les numéros représentent : 1 :
bord cranial de l’épine scapulaire ; 2 : bifurcation trachéale ; 3 :
bord caudal du muscle rhomboïde ; 4 : bord caudal du muscle tra-
pèze ; 5 : bord cranial du pilier gauche du diaphragme ; 6 : processus
transverse de la première vertèbre lombaire (L1) ; 7 : processus
transverse de la deuxième vertèbre lombaire (L2) ; 8 : processus
transverse de la troisième vertèbre lombaire (L3).
PM  adaptés  à  une  évaluation  adéquate  de  l’engraissement
a  ainsi  été  limité  à  cause  de  leur  reproductibilité  au  cours
du  temps.  Le  deuxième  facteur  limitant  a  été  la  variabi-
lité  inter-individuelle,  bien  que  cette  valeur  soit  faible  pour
la  plupart  des  PM  ;  les  valeurs  de  CV  ont  toujours  été  infé-
rieures  à  0,3,  ce  qui  indique  une  bonne  fiabilité.
Pour  l’évaluation  de  l’engraissement  sous-cutané,
l’évaluation  conjointe  de  la  reproductibilité  au  cours  du
temps  et  de  la  variabilité  inter-individuelle  a  permis  de
définir  deux  PM  présentant  la  cohérence  la  plus  élevée,
établie  par  le  coefficient  alpha  de  Cronbach.  Le  premier
PM  a été  identifié  comme  une  ligne  perpendiculaire  à  la
tangente  du  muscle  longissimus  (long  dorsal),  du  muscle  à
la  surface  cutanée  (A  ;  Fig.  2)  ;  le  deuxième  PM  a  été  défini
comme  une  ligne  perpendiculaire  à  la  tangente  du  muscle
ilio-costal,  du  muscle  à  la  surface  cutanée  (B  ;  Fig.  2).  La
cohérence  la  plus  élevée  de  A  a  été  observée  dans  les  RDI  5,
6  et  7,  comme  le  montre  la  Fig.  1, tandis  que  la  cohérence
maximale  pour  B  a  été  observée  pour  les  RDI  4,  5  et  8.
En  ce  qui  concerne  l’évaluation  de  l’engraissement  vis-
céral,  la  variabilité  inter-individuelle  a  été  faible,  mais  la
cohérence  des  PM  a  été  affectée  par  l’âge  et  par  la  repro-
ductibilité  au  cours  du  temps.  Aux  âges  étudiés,  le  PM  le
plus  cohérent  a  été  situé  au  niveau  de  la  RDI  8,  comme  le
montre  la  Fig.  1.
L’évaluation  des  relations  éventuelles  entre  les  chan-
gements  des  valeurs  des  dépôts  graisseux  sous-cutanés  et
viscéraux  au  niveau  des  différents  PM  estimés  a  également
montré  un  effet  significatif  de  l’âge.  Aucune  corrélation
significative  n’a  été  observée  entre  la  graisse  sous-cutanée
et  viscérale  à  l’âge  de  4  mois,  mais  une  relation  significative
a  été  établie  à  6  et  8  mois  ;  plus  particulièrement  en  compa-
rant  les  valeurs  de  la  graisse  sous-cutanée  du  PM  5B  avec  la
graisse  viscérale  au  niveau  du  PM  8B  (p  <  0,05  pour  toutes  les
comparaisons  ;  Fig.  4).
Relations entre l’IRM et les données
zoométriques  pour l’évaluation de
l’engraissement
L’analyse  des  relations  entre  les  données  de  l’IRM  des  dépôts
graisseux  et  les  mesures  zoométriques  comprennent  les
valeurs  du  poids  corporel,  de  la  CT  et  de  la  CA,  de  la  longueur
du  corps,  des  indices  de  masse  corporelle  (IMC1  et  IMC2),
ainsi  que  de  l’épaisseur  de  la  graisse  dorsale  mesurée  par
échographie.
Le  poids  corporel  a montré  une  corrélation  avec  les  PM
sélectionnés  pour  la  mesure  de  la  graisse  sous-cutanée  (A
et  B  pour  les  RDI  5  à  8),  uniquement  à  l’âge  de  8  mois,  quel
que  soit  le  sexe  (p  <  0,05).  À  l’inverse,  la  longueur  du  corps
et  les  valeurs  de  l’IMC1  (indice  incluant  la  longueur  corpo-
relle  dans  sa  formule)  n’ont  pas  montré  de  relation  avec  l’un
quelconque  des  PM,  quel  que  soit  l’âge.
Par  ailleurs,  les  données  zoométriques  indiquant  l’engrai-
ssement  (circonférence  thoracique  et  abdominale  et  indice
IMC2,  incluant  le  volume  corporel  dans  la  formule)  ont  mon-
tré  une  relation  avec  les  valeurs  des  PM  pour  l’engraissement
sous-cutané  et  viscéral.  Cependant,  ces  relations  ont  été
dépendantes  de  l’âge  des  individus.  En  effet,  aucune  rela-
tion  n’a  été  mise  en  évidence  à  l’âge  de  quatre  mois.  En
revanche  à  l’âge  de  6  mois,  les  circonférences  thoracique
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et  abdominale  et  l’IMC2  ont  montré  une  relation  avec  les
valeurs  de  l’engraissement  sous-cutané  pour  les  PM  A  et  B
dans  toutes  les  RDI  de  5  à  8,  et  avec  la  quantité  de  tissu
adipeux  viscéral  à  la  RDI  8  (p  <  0,05  pour  toutes  les  compa-
raisons).  À  l’âge  de  8  mois,  les  circonférences  thoracique
et  abdominale  et  l’IMC2  ont  montré  une  relation  avec  les
valeurs  de  l’engraissement  sous-cutané  aux  mêmes  PM  et
RDI  que  ceux  déterminés  à  l’âge  de  6  mois  ;  cependant,  la
relation  avec  la  quantité  de  tissu  adipeux  viscéral  a  été
perdue.
En  résumé,  les  RDI  de  choix  pour  la  visualisation  des
données  sous-cutanées,  en  gardant  à l’esprit  la  variabi-
lité  inter-individuelle,  la  reproductibilité  au  cours  du  temps
et  la  relation  avec  les  données  zoométriques,  sont  les
RDI  5  à  8.  La  graisse  viscérale  sera  de  même  évaluée  par
les  RDI  6  à  8.  Les  mesures  des  données  sous-cutanées  et
viscérales  dans  une  imagerie  unique  peuvent  par  consé-
quent  être  réalisées  au  niveau  des  RDI  6  à  8  ;  cependant,
la  représentation  de  la  graisse  a  été  supérieure  en  utili-
sant  les  PM  5B  ou  6B  pour  la  mesure  de  l’engraissement
sous-cutané  et  8B  pour  la  mesure  de  l’engraissement  vis-
céral  (Fig.  5).  Les  mesures  effectuées  au  PM  5B  sont  les
plus  représentatives  pour  les  circonférences  thoracique  et
abdominale  (c’est-à-dire  :  pour  la  corpulence),  tandis  que
les  mesures  au  PM  6B  sont  hautement  représentatives  de
l’IMC2.
Figure 2. Représentation et description des références anatomiques pour les différentes régions d’intérêt (RDI ; majuscule et identification
par des numéros) et les différents points de mesure (PM ; minuscule et identification par des lettres) pour l’évaluation par IRM de la graisse
sous-cutanée et viscérale chez des porcs obèses.
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Figure 2. (Suite)
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Figure 2. (Suite).
Enfin,  la  mesure  échographique  de  l’épaisseur  de  la
graisse  dorsale  au  point  P2  montre  une  corrélation  significa-
tive  avec  les  mesures  IRM  dans  la  même  région,  dans  les  RDI
de  5  à  7  (p  <  0,05),  aux  trois  âges  considérés.
Discussion
La  présente  étude  confirme  la  possibilité  d’utiliser
l’imagerie  par  résonance  magnétique  (IRM)  pour  la  visuali-
sation  et  la  mesure  du  tissu  adipeux  sous-cutané  et  viscéral
au  cours  du  développement  juvénile  de  porcs  obèses.
La  disponibilité  d’une  technique  d’imagerie  non  inva-
sive  permettant  des  observations  successives  exactes  des
changements  phénotypiques  du  même  animal  constitue  une
avancée  majeure  dans  le  domaine,  dans  la  mesure  où
les  études  sur  l’état  nutritionnel  et  les  dépôts  graisseux
étaient  traditionnellement  basées  sur  une  estimation  sub-
jective  fondée  sur  la  palpation  et  l’examen  physique,  la
zoométrie  et  l’observation  morphologique  après  nécropsie
ou  chirurgie.  Un  nombre  considérable  de  connaissances  ont
été  accumulées  par  l’utilisation  de  ces  techniques  mais,
dans  certains  cas,  elles  souffraient  d’une  précision  insuf-
fisante  ;  dans  d’autres  cas,  leur  nature  hautement  invasive
les  rendaient  inappropriées  pour  des  études  séquentielles
sur  le  même  animal.
L’utilisation  de  l’IRM  améliore  également  les  soins  aux
animaux,  en  réduisant  le  nombre  d’individus  utilisés  à  des
fins  expérimentales  et  en  affinant  les  études  conformé-
ment  au  modèle  3R  de  Russell  et  Burch  concernant  les
recherches  chez  l’animal  (affinement,  réduction  et  rem-
placement  [refinement, reduction,  replacement] [13]).  Un
avantage  supplémentaire  et  significatif  réside  dans  le  fait
qu’en  utilisant  les  mêmes  techniques  diagnostiques  et
observationnelles  que  celles  utilisées  en  pratique  clinique,
l’IRM  sera  particulièrement  appropriée  pour  les  études
translationnelles.
Les  autres  techniques  d’imagerie  permettant  la  visua-
lisation  directe  des  tissus  corporels  et  les  mesures
directes  à  partir  de  l’imagerie  seraient  l’échographie  et
la  tomodensitométrie  (TDM).  L’échographie  est  fréquem-
ment  utilisée  en  pratique  dans  la  mesure  où  elle  permet
une  détermination  rapide  de  la  graisse  sous-cutanée,  sans
nécessiter  une  immobilisation  et/ou  une  anesthésie  ; cepen-
dant,  elle  ne  permet  pas  des  mesures  directes  de  l’adiposité
viscérale,  alors  que  l’évaluation  du  tissu  adipeux  viscéral
est  particulièrement  importante  compte  tenu  de  sa  rela-
tion  étroite  avec  l’état  métabolique  et  les  maladies  liées
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Figure 3. Changement au cours du temps des valeurs moyennes (± ETM) du poids corporel (a) et de la longueur (b) ainsi que des
circonférences thoracique et abdominale (c et d) chez des porcs obèses.
à  l’obésité  [14—17].  La  graisse  viscérale  doit  être  évaluée
par  des  techniques  permettant  une  visualisation  du  corps
entier,  c’est-à-dire  la  TDM  ou  l’IRM.  La  procédure  d’examen
de  l’animal  est  très  similaire  dans  la  TDM  et  l’IRM,  et  les  deux
techniques  sont  adaptées  à  la  visualisation  du  tissu  adipeux
sous-cutané  et  viscéral  [1,5,9,18—20].  Cependant,  elles  pré-
sentent  une  différence  importante  :  contrairement  à  la  TDM,
l’IRM  n’utilise  pas  les  rayonnements  ionisants.
Le  principal  inconvénient  de  l’évaluation  du  tissu  adi-
peux  par  IRM  (ce  qui  est  également  le  cas  pour  la  TDM)
serait  le  délai  nécessaire  pour  l’immobilisation,  la  sédation,
l’anesthésie  et  l’observation  ultérieure  du  corps  entier  de
l’animal.  La  caractérisation  dans  notre  étude  de  quelques
RDI  et  PM  sélectionnés,  au  lieu  d’une  imagerie  du  corps
entier,  permet  de  diminuer  considérablement  le  temps
nécessaire  pour  l’anesthésie  et  la  réalisation  de  l’imagerie,
de  35  à  10—15  minutes.  En  résumé,  les  mesures  des  don-
nées  sous-cutanées  et  viscérales  dans  une  imagerie  unique
peuvent  être  réalisées  au  niveau  des  RDI  6  à  8  (de  la  1re
à  la  3e vertèbre  lombaire)  ;  cependant,  l’exactitude  est
supérieure  pour  les  PM  5B  ou  6B  concernant  la  mesure  de
l’engraissement  sous-cutané  (au  niveau  du  bord  cranial  du
pilier  gauche  du  diaphragme  ou  au  niveau  de  la  première
vertèbre  lombaire  respectivement)  et  au  niveau  du  PM  8B
pour  la  mesure  de  l’engraissement  viscéral  (au  niveau  de  la
troisième  vertèbre  lombaire).  L’utilisation  de  ces  PM  four-
nit  non  seulement  une  méthode  plus  facile  et  plus  rapide,
mais  également  la  procédure  la  plus  exacte,  cohérente  et
répétable  pour  la  quantification  de  la  graisse  sous-cutanée
et  viscérale  lors  de  mesures  successives  effectuées  au  cours
du  temps.
L’évaluation  de  l’adiposité  sous-cutanée  a  été  cohérente
au  cours  du  temps.  Nous  devons  observer  que  les  PM  choisis
pour  la  détermination  de  l’adiposité  sous-cutanée  par  IRM
coïncident  avec  le  point  P2  traditionnellement  utilisé  pour
les  mesures  de  l’engraissement  sous-cutané  chez  le  porc,
soit  par  palpation  soit  par  échographie  ou,  plus  récemment,
par  TDM  [21,22]. En  outre,  les  données  IRM  et  échogra-
phiques  recueillies  au  niveau  de  ce  point  ont  montré  une
forte  corrélation  dans  la  présente  étude.  Par  conséquent,
nous  arrivons  à  la  même  conclusion  que  celle  de  McEvoy
et  al.,  [22]  c’est-à-dire  que  P2  est  situé  dans  une  RDI  pré-
sentant  peu  de  variations  et  une  corrélation  optimale  avec
le  volume  total  de  la  graisse  sous-cutanée.
L’évaluation  de  la  graisse  viscérale,  à  l’inverse  de
l’engraissement  sous-cutané,  a  été  affectée  par  l’âge.  Il  a
été  observé  une  faible  cohérence  à  l’âge  de  quatre  mois,
ce  que  nous  pensons  être  lié  à  un  taux  plus  élevé  de  dépôts
de  graisse  sous-cutanée  et  viscérale  à  cet  âge.  L’hypothèse
est  confirmée  dans  la  présente  étude  par  l’absence  de  rela-
tion  entre  la  graisse  viscérale  à  4  mois  et  les  données  sur
l’engraissement  sous-cutané  et  zoométriques  (poids,  cir-
conférences  thoracique  et  abdominale  et,  ultérieurement,
IMC2).  Aucune  étude  antérieure  n’a  été  réalisée  à  notre
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Figure 4. Relation au cours du temps des valeurs (en cm et cm2) des dépôts de graisse sous-cutanée et viscérale obtenues par IRM chez
des porcs obèses.
connaissance  sur  le  dépôt  de  graisse  viscérale  chez  le  porc
ibérien,  mais  les  données  obtenues  chez  des  porcs  minia-
tures  confirment  nos  résultats  actuels  [5].
Conclusion
En  conclusion,  la  présente  étude  caractérise  un  certain
nombre  de  RDI  et  de  PM,  au  lieu  d’une  imagerie  du  corps
entier,  pour  l’évaluation  de  la  graisse  sous-cutanée  et  vis-
cérale  chez  des  porcs  obèses.  Ces  résultats  permettent
de  diminuer  de  fac¸on  considérable  la  durée  nécessaire
à  l’anesthésie  et  à  la  réalisation  de  l’imagerie,  de  35  à
10—15  minutes  pour  chaque  animal,  ce  qui  représente  des
économies  de  temps  et  d’argent  et  une  amélioration  du
bien-être  animal  dans  les  études  biomédicales.  L’utilisation
de  ces  PM  constitue  non  seulement  une  méthode  plus
facile  et  plus  rapide,  mais  également  la  procédure  la  plus
exacte,  cohérente  et  répétable  pour  des  études  séquen-
tielles  de  la  graisse  chez  un  même  animal.  Cela  signifie  que
des  données  longitudinales  fiables  peuvent  être  disponibles
sans  sacrifice  ni  chirurgie  sur  l’animal,  mais  également
qu’elles  montrent  une  puissance  statistique  et  translation-
nelle  supérieure  lors  de  la  réalisation  de  comparaisons
intra-individuelles  séquentielles.  En  outre,  la  procédure
décrite  dans  la  présente  étude  peut  être  directement
Author's personal copy
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Figure 5. Relations représentatives (6 mois) entre certaines valeurs IRM (en cm) obtenues au niveau des points de mesure 5B (panneaux
de gauche), 6B (panneaux du milieu) et 8B (panneaux de droite) et les données zoométriques (circonférences thoracique et abdominale en
centimètres et IMC2) pour l’évaluation de l’engraissement chez des porcs obèses.
transposée  à  une  autre  race  de  porc  ou  à  un  autre  modèle
animal.
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Abstract
The present study aimed to determine, in a swine model of leptin resistance, the effects of type and timing of
maternal malnutrition on growth patterns, adiposity and metabolic features of the progeny when exposed to an
obesogenic diet during their juvenile development and possible concomitant effects of the offspring sex. Thus, four
groups were considered. A CONTROL group involved pigs born from sows fed with a diet fulfilling their daily
maintenance requirements for pregnancy. The treated groups involved the progeny of females fed with the same diet
but fulfilling either 160% or 50% of pregnancy requirements during the entire gestation (OVERFED and UNDERFED,
respectively) or 100% of requirements until Day 35 of pregnancy and 50% of such amount from Day 36 onwards
(LATE-UNDERFED). OVERFED and UNDERFED offspring were more prone to higher corpulence and fat deposition
from early postnatal stages, during breast-feeding; adiposity increased significantly when exposed to obesogenic
diets, especially in females. The effects of sex were even more remarkable in LATE-UNDERFED offspring, which
had similar corpulence to CONTROL piglets; however, females showed a clear predisposition to obesity.
Furthermore, the three groups of pigs with maternal malnutrition showed evidences of metabolic syndrome and, in
the case of individuals born from OVERFED sows, even of insulin resistance and the prodrome of type-2 diabetes.
These findings support the main role of early nutritional programming in the current rise of obesity and associated
diseases in ethnics with leptin resistance.
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Introduction
Obesity and associated metabolic disorders are increasingly
concerning issues. The World Health Organization (WHO)
foresees that, by 2015, approximately 2.3 billion adults will be
overweight and more than 700 million will be obese; the
mortality rate due to diabetes will double between 2005 and
2030. The highest incidence of obesity and diabetes has been
traditionally found in developed countries; currently, the
incidence of these disorders is mainly increasing in rapidly
developing regions, like China, India and countries of the
Middle East. The situation is aggravated by a severe boost in
the incidence of obesity at childhood in the last years. The
number of overweight children under the age of five was over
42 million in 2010, according to WHO data; again, close to 35
million are living in developing countries.
Thus, there is an urgent necessity to tackle this health
problem, by applying prevention strategies and focused
treatments. Such actions need to be based on a thorough
knowledge of obesity and its effects, by both observational and
interventional research. However, interventional
experimentation is not affordable in human beings and it needs
to be performed on animal models. Most of the studies have
been carried out in mice; however, the use of large animals
(rabbit, sheep, pig) offers numerous profitable characteristics
for translational studies. First, their body size allows application
of the same imaging techniques routinely used in humans and
serial sampling of large amounts of blood and tissues. Second,
pathways regulating appetite, energy balance and
adipogenesis are more similar to humans. Moreover, research
in large animal species may provide valuable insights not only
as a translational model for humans, but also directly for
improving animal production, health and welfare. The most
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amenable large animal model (for proportional organ sizes,
omnivorous habits, characteristics of lipoprotein metabolism
and propensity to sedentary behavior and obesity is the pig
[1-3].
A distinctive characteristic of people living in developing
countries, besides ethnic differences, is their background of
exposure to harsh environments and food scarcity and their
current availability of nutrients in excess, mainly in the form of
highly caloric obesogenic diets. There is a swine model, the
Iberian pig [4,5], which is faced to similar conditions. The
Iberian breed (Sus scrofa meridionalis) is genetically different
from the modern commercial breeds (Sus scrofa ferus; [6,7])
and it has been reared in semi-feral harsh conditions for
centuries. Thus, these animals have coped with seasonal
cycles of feasting and famine by the strategy of storing excess
fat during food abundance for surviving during food scarcity [8].
The Iberian pigs have a higher voluntary food intake and a
higher trend towards adiposity than lean swine breeds and,
when exposed to nutrients in excess, become obese [8,9] and
even develop metabolic syndrome and diabetic prodrome [4].
Current theories support that obesity and associated
disorders are the result of the interaction between genetic
background and obesogenic environments, but strongly
modulated by prenatal nutrition, either by excess or deficiency
[10]. These hypotheses are summarized by the concept of the
Developmental Origin of Health and Disease (DOHaD; [11]).
The study of the DOHaD phenomena is mostly based on
epidemiological studies in humans and on interventional
studies in animal models. However, there are no previous
studies assessing the interaction between prenatal nutrition
and postnatal exposure to obesogenic diets in individuals
genetically adapted, for generations, to harsh environments
and food scarcity.
Thus, the aim of the present experiment was to set a basis
for such studies by determining the effects of maternal under-
or overnutrition on growth patterns, adiposity and metabolic
features of the progeny when exposed to an obesogenic diet
during their juvenile development. A concurrent objective was
to assess possible concomitant effects of the offspring sex.
Material and Methods
Ethics statement
The study was performed according to the Spanish Policy for
Animal Protection RD1201/05, which met the European Union
Directive 86/609 about the protection of animals used in
research. The experiment was specifically assessed and
approved (report CEEA 2010/003) by the INIA Committee of
Ethics in Animal Research, which is the named Institutional
Animal Care and Use Committee (IACUC) for the INIA.
Animals and experimental design
The experiment involved a total of 69 Iberian pigs (Torbiscal
strain) divided in four groups with different maternal nutrition
level during pregnancy. A first group was the CONTROL group
(n=10 males and 8 females), born from females fed with a
standard grain-based diet (13.0% crude protein, 2.8% fat and
3.00 Mcal/kg of metabolizable energy) for fulfilling their daily
maintenance requirements for pregnancy. Second and third
groups were the progeny of females fed with the same diet but
fulfilling either 160% (OVERFED group, n=9 males and 9
females) or 50% of daily maintenance requirements for
pregnancy (UNDERFED group, n=6 males and 9 females)
during the entire pregnancy; hence, preimplantational embryos
and the subsequent fetuses of these both groups were
exposed to prenatal programming. A fourth group was born
from females fed with 100% maintenance requirements until
Day 35 of pregnancy, like the CONTROL group, but restricted
to 50% of such amount from Day 36 onwards, like the
UNDERFED group (LATE-UNDERFED group, n=10 males and
8 females); hence, fetuses but not preimplantational embryos
were exposed to prenatal programming in this group, by feed
restriction during the last two thirds of pregnancy. In summary,
a 4x2 factorial arrangement was used to study the effects of
maternal nutrition and offspring sex on development and
metabolic status of the progeny from birth to adulthood.
The assessment of the offspring development was carried
out during the early postnatal (from birth to weaning at 28 days
of age) and juvenile periods (from 28 to 240 days of age).
Assessment of phenotypic characteristics at adulthood was
done when the pigs reached adult body size and weight
accordingly to breed-standards.
After weaning, at 28 days of age, all the piglets were housed,
sorting out males and females, in collective pens at the INIA
Animal Laboratory Unit (Madrid, Spain). At the first month after
weaning, the piglets were fed with a standard diet with mean
values of 18% of crude protein, 4.5% of fat and 3.35 Mcal⁄kg of
metabolizable energy. Afterwards, from 60 to 120 days of age,
the piglets were fed a diet containing mean values of 15.1% of
crude protein, 2.8% of fat and 3.08 Mcal⁄kg of metabolizable
energy; the amount of food offered was re-calculated with age
for fulfilling daily maintenance requirements. From 120 days of
age, for inducing the expression of obesity, the pigs had ad
libitum access to the same diet but enriched in fat (6.3%) and,
hence, with 3.36 Mcal/kg of metabolizable energy.
Evaluation of growth patterns and corpulence during
juvenile development
In all the pigs, body weight and size (trunk length and
abdominal and thoracic circumferences, correspondingly to AC
and TC, obtained with a measuring tape) were recorded
monthly, from birth to 240 days of age. Data from body weight
and size were used for determining two formulae for calculating
Body Mass Index (BMI).
The first formula (BMI1) was extrapolated from human
clinical studies:
Weight (kg)/ Length (m)2
The second formula (BMI2) introduced the trunk volume in
the denominator:
Weight (kg)
π/3 x Length x [(TC/2π)2 + (AC/2π)2 + (TC/2π x AC/2π)]
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Evaluation of changes in adiposity and plasma leptin
concentration during juvenile development
Subcutaneous fat depth was evaluated monthly, from 60 to
240 days of age, by ultrasonography (Figure 1A); a SonoSite
S-Series equipped with a 5-8MHz lineal array probe (SonoSite
Inc., Bothell, WA) was used. The probe was placed against the
skin, in a point at the right side of the animal located at 4cm
from the midline and transversal to the head of the last rib as
determined by palpation.
Visceral fatness was assessed at starting ad libitum access
to the obesogenic diet (120 days) and at 180 days of age.
Measurement of visceral fat content was performed by
magnetic resonance imaging (MRI); subcutaneous adiposity
was also determined when performing MRI scans, since MRI is
highly adequate for visualization of both subcutaneous and
visceral adipose tissue [12,13]. For MRI scanning, the gilts
were anesthetized with isofluorane vapors (IsoFlo, Laboratorios
Esteve, Barcelona, Spain), after sedation with xylazine
(Rompun, Bayer Ag, Leverkusen, Germany) and ketamine
(Imalgène 1000, Merial, Lyon, France), for minimizing stress
and breathing movements during scans. MRI scans were
carried out at the UCM Veterinary Teaching Hospital, by means
of a Panorama 0.23T scanner with a body/spine XL coil (Philips
Medical Systems, Best, Netherland). Animals were placed in
lateral recumbence. Images were obtained in the transverse
plane using a T1 weighted TSE (turbo spin-echo) sequence,
from the thoracic inlet through the cranial margin of the ilium,
and analyzed in a dedicated workstation using the ViewForum
R6.3V1L3 software package (Philips Medical Systems, Best,
Netherland). Measurements of subcutaneous fat depots were
based on the maximum length obtained tracing a line
perpendicular to the kidney at the level of the first lumbar
vertebra. Values for visceral depots were calculated from axial
Figure 1.  Imaging of subcutaneous and visceral fat
depots.  At the left hand, a Magnetic Resonance Imaging
(MRI) of a transversal section of the swine body indicates the
anatomical references for performing ultrasonographic (A) and
MRI (B) evaluation of subcutaneous fatness. The
ultrasonographic imaging of back-fat is represented in the inset
at the centre of the image. At the right hand, the MRI image
indicates the anatomical reference for evaluation of visceral fat
depots.
doi: 10.1371/journal.pone.0078424.g001
areas obtained at the level of the third lumbar vertebra (Figure
1B and C).
Plasma concentrations of leptin were assessed concurrently
with MRI scanning, when the pigs were 120 and 180 days-old.
Blood samples were drawn by jugular venipuncture with 5 ml
sterile heparin blood vacuum tubes (VacutainerTM Systems
Europe). Immediately after recovery, the blood was centrifuged
at 1500g for 15 min and the plasma was separated and stored
into polypropylene vials at -20°C until assayed. Concentrations
of leptin were determined in a single analysis using the Multi-
species Leptin RIA kit (Demeditec Diagnostics GmbH, Kiel-
Wellsee, Germany). The assay sensitivity was 1.0 ng ⁄ ml; the
intra-assay variation coefficient was 3.1%.
Evaluation of blood indexes of carbohydrates and
lipids metabolism during juvenile development
Plasma indexes of carbohydrates and lipids metabolism
were assessed, in blood samples obtained as previously
described, monthly after starting ad libitum access to the fat
diet (120 days). At 210 days of age, possible changes in beta
cell function and insulin resistance were assessed by analyzing
plasma insulin concentrations.
Glucose and fructosamine were measured by means of a
clinical chemistry analyzer (Saturno 300 plus, Crony
Instruments s.r.l., Rome, Italy) whilst insulin was determined by
means of a Porcine Insulin ELISA kit (Mercodia AB, Uppsala,
Sweden). The assay sensitivity was 0.26 UI ⁄l; the intra-assay
variation coefficient was 3.5%. Possible changes in beta cell
function and insulin resistance (IR) were assessed by the
homeostasis model assessment (HOMA), using the equations
HOMA-IR = (FINS x FPG)/22.5 to assess insulin resistance
[14] and HOMA-β = (20 x FINS)/(FPG-3.5) to assess beta cell
function [15]; FINS is fasting plasma insulin concentration in U/l
and FPG is fasting plasma glucose concentration in mmol/l.
Triglycerides, total cholesterol, high-density lipoproteins
cholesterol [HDL-c] and low-density lipoproteins cholesterol
[LDL-c] were measured with the same analyzer (Saturno 300
plus). Plasma HDL-c ratio and LDL-c ratio were calculated by
dividing HDL-c and LDL-c concentrations, respectively, by total
cholesterol; plasma LDL-c/HDL-c ratio was obtained by dividing
LDL-c levels by HDL-c concentrations.
Assessment of weight, corpulence, fatness and
metabolic features at adulthood
The offspring reached target adult size and weight (around
110 kg body-weight for females and 120 kg body-weight for
males), according to breed records, around 240 (OVERFED
and UNDERFED groups) and 290 days of age (CONTROL and
LATE-UNDERFED groups). At that time, assessment of
phenotypic characteristics included weight, size, BMI1 and
BMI2, subcutaneous and visceral adiposity, plasma levels of
leptin and indexes of carbohydrates and lipids metabolism;
which were determined as previously described.
Analysis of fat composition at adulthood
At adulthood, females were kept in the experimental herd of
INIA but all the males were euthanized and used for ex vivo
evaluation of intramuscular fat composition. Samples of loin
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were obtained at the level of the last rib and vacuum-packaged
in individual bags and stored at -20°C until analyzed.
Firstly, the fatty acids (FA) were extracted and quantified
using the one-step procedure described by Sukhija and
Palmquist [16] for lyophilized samples. Pentadecanoic acid
(C15:0; Sigma, Alcobendas, Madrid, Spain) was used as the
internal standard. Previously, methylated FA samples were
identified according to Rey et al. [17] using a gas
chromatograph (Model HP6890; Hewlett Packard Co.,
Avondale, PA, USA) and a 30m x 0.32mm x 0.25mm cross-
linked polyethylene glycol capillary column (Hewlett Packard
Innowax). A temperature program of 170°C to 245°C was used.
The injector and detector were maintained at 250°C. The
carrier gas (helium) flow rate was 3 ml/min. The lipids were
obtained according to the method developed by Marmer and
Maxwell [18]. Afterwards, fat extracts were methylated in the
presence of sulphuric acid and analyzed as described above.
From individual FA percentages, the saturated FA (SFA),
monounsaturated FA (MUFA) and polyunsaturated FA (PUFA)
proportions were calculated. SFA is the result of C10:0 + C12:0
+ C14:0 + C15:0 + C16:0 + C17:0 + C18:0 + C20:0. MUFA is
the result of C15:1 + C16:1n-9 + C17:1 + C18:1n-9 + C18:1n-7
+ C20:1. PUFA is the result of C18:2n-6 + C18:3n-3 +
C18:4n-3 + C20:3n-9 + C20:4n-6. Finally, the desaturation
index (DI) is the ratio of MUFA to SFA.
Statistical analyses
Changes on body weight and size, fat content and metabolic
features over time were measured by Pearson correlation
procedures. Effects of maternal diet and offspring sex on
juvenile development were assessed by analysis of variance
for repeated measures (split-plot ANOVA). Effects of maternal
diet and offspring sex on adult phenotype were assessed by
analysis of variance (two-way ANOVA), or by a Kruskall–Wallis
test when a Levene’s test showed non-homogeneous
variables, and a Duncan post hoc test was performed to
contrast the differences among groups. Since all the variables
changed over-time in a linear way, there were no differences
between results of the correlation and ANOVA. Thus we will
essentially report here ANOVA data Results were expressed
as the mean ± SEM and statistical significance was accepted
from P<0.05.
Results
Patterns of growth and fatness during juvenile
development
The maternal nutritional treatment affected body weight and
size of the offspring, independently of sex, from the very first
measurement at delivery (Day 0; Figure 2; numerical data
reported in the Table S1). The piglets in the groups CONTROL,
OVERFED and UNDERFED were similar among them (1.41 ±
0.01, 1.45 ± 0.01 and 1.46 ± 0.02 kg). On the other hand, all of
them were around 10% larger and heavier than the piglets in
the group LATE-UNDERFED (1.33 ± 0.01 kg; P<0.001).
Afterwards, from 90 days of age and throughout the entire
period of study, OVERFED and UNDERFED offspring were
similar in weight between them and both groups grew faster
and were significantly heavier than CONTROL pigs
(P<0.0005). The pattern of postnatal growth was therefore
influenced by maternal nutrition, but there was also found a
significant effect of the sex of the offspring. In the CONTROL
group, the males were always heavier than females during their
juvenile development (P<0.005). Conversely, in the OVERFED
Figure 2.  Effects of sex and maternal nutrition on
offspring body growth.  Changes over time in mean values
for body weight (A), body volume (B) and Body Mass Indexes
BMI1 (C) and BMI2 (D) in male (continuous line) and female
(discontinuous line) Iberian piglets born from sows fed, during
the entire pregnancy, with a diet fulfilling either 100%
(CONTROL; black squares), or 160% (OVERFED; black
circles) or 50% of daily maintenance requirements for gestation
(UNDERFED; black diamonds). A fourth group (LATE-
UNDERFED; black triangles) was born from females fed with
100% maintenance requirements until Day 35 of pregnancy,
like the CONTROL group, but restricted to 50% of such amount
from Day 36 onwards, like the UNDERFED group. Numerical
data reported in the Table S1.
doi: 10.1371/journal.pone.0078424.g002
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and UNDERFED groups, offspring males and females were
similar in weight during the whole study.
The effect of the sex of the piglet was even more evident in
the LATE-UNDERFED group. At weaning, males were still
lighter than those in the CONTROL group (P<0.05), but
females reached a weight similar to their CONTROL
counterparts. Afterwards, during juvenile development, LATE-
UNDERFED females were heavier than CONTROL females
(P<0.005) whilst, conversely, LATE-UNDERFED males were
significantly lighter than CONTROL males (P<0.05). Again,
differences in weight between LATE-UNDERFED males and
females were not significant.
Changes over time in BMI1, trunk volume and BMI2 were
also affected by maternal nutritional treatment (Figure 2;
numerical data reported in the Table S1). Changes over time in
BMI1 and trunk volume resembled the evolution in body
weight. Values were similar in all the groups from birth to 90
days of age. From 120 days of age and throughout the entire
period of study, the values were similar in OVERFED and
UNDERFED offspring and significantly higher in both groups
than in CONTROL and LATE-UNDERFED (P<0.0005 for both
variables). On the other hand, the assessment of maternal
effects on the BMI2 (the relationship between weight and trunk
volume) indicated that, over time, the growth in volume was
higher than the increase in weight in all the groups. Again, the
values BMI2 were higher in OVERFED and UNDERFED than
in CONTROL and LATE-UNDERFED offspring from 120 days
of age onwards (P<0.05). However, the most remarkable
differences were found in the evolution of BMI2 during
lactation. At weaning, OVERFED and UNDERFED piglets
showed a higher BMI2 than CONTROL and LATE-UNDERFED
offspring (P<0.005), indicating a higher deposition of weight in
relation with body development.
There was, once more, a significant effect of offspring sex on
these variables throughout the period of study. In the
CONTROL group, males had higher BMI1 (P<0.005) and trunk
volume (P<0.0005) than females; on the other hand, BMI2 was
similar in both sexes. In the pigs from the OVERFED group,
there was no difference in BMI1 between sexes but the trunk
volume was higher in males (P<0.05). Hence, with similar body
weights, BMI2 was higher in females (P<0.01). On the other
hand, there were no sex differences in BMI1, nor in trunk
volume, nor in BMI2 in the UNDERFED and LATE-UNDERFED
groups, in spite of a trend (P=0.06) for a higher trunk volume in
LATE-UNDERFED females when compared to males.
In the same way, the values obtained by measuring the
subcutaneous back-fat depth by ultrasonography, monthly from
60 to 240 days-old, were similar in OVERFED and UNDERFED
offspring and significantly higher in these groups than in
CONTROL and LATE-UNDERFED pigs (P<0.0005; Figure 3A;
numerical data reported in the Table S2), without significant
differences when comparing offspring from the same sex.
Similar results were found when assessing both subcutaneous
and visceral fat by MRI at 120 and 180 days-old (Figures 3B
and 3C; numerical data reported in the Table S2).
On the other hand, changes in subcutaneous fat depth in the
LATE-UNDERFED piglets were different between male and
female littermates.. The LATE-UNDERFED and CONTROL
females had similar values until 150 days of age; afterwards,
subcutaneous fat was more abundant in LATE-UNDERFED
females (P<0.01). Conversely, LATE-UNDERFED males
showed lower back-fat depths than CONTROL counterparts
until 180 days of age (P<0.05); afterwards, the values were
similar in both groups.
Plasma leptin concentration during juvenile
development
Plasma leptin concentrations increased with age and weight
in all the groups (Figure 4; numerical data reported in the Table
S3). At first assessment at 120 days-old, the values were
similar in OVERFED and UNDERFED offspring and higher in
both groups than in the CONTROL and LATE-UNDERFED
pigs (P<0.01 for all the groups), which were similar between
them. At 180 days-old, plasma leptin concentrations were still
Figure 3.  Effects of sex and maternal nutrition on
offspring adiposity.  Changes over time in mean values for
subcutaneous back-fat depth, determined by ultrasonography
(A) and MRI (B), and area of visceral fat depot at the level of
the third lumbar vertebra (C) in male (continuous line and solid
bars) and female (discontinuous line and dotted bars) Iberian
piglets born from sows fed, during the entire pregnancy, with a
diet fulfilling either 100% (CONTROL; black squares and white
bars), or 160% (OVERFED; black circles and black bars) or
50% of daily maintenance requirements for gestation
(UNDERFED; black diamonds and light-grey bars). A fourth
group (LATE-UNDERFED; black triangles and dark-grey bars)
was born from females fed with 100% maintenance
requirements until Day 35 of pregnancy, like the CONTROL
group, but restricted to 50% of such amount from Day 36
onwards, like the UNDERFED group. Numerical data reported
in the Table S2.
doi: 10.1371/journal.pone.0078424.g003
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higher in the OVERFED and UNDERFED pigs than in the
LATE-UNDERFED groups (P<0.01 for all the groups), but
differences with CONTROL offspring did not reach statistical
significance.
Figure 4.  Effects of sex and maternal nutrition on plasma
leptin concentration.  Changes over time in mean values for
plasma leptin concentrations (ng/ml) in male (solid bars) and
female (dotted bars) Iberian piglets born from sows fed, during
the entire pregnancy, with a diet fulfilling either 100%
(CONTROL; white bars), or 160% (OVERFED; black bars) or
50% of daily maintenance requirements for gestation
(UNDERFED; light-grey bars). A fourth group (LATE-
UNDERFED; dark-grey bars) was born from females fed with
100% maintenance requirements until Day 35 of pregnancy,
like the CONTROL group, but restricted to 50% of such amount
from Day 36 onwards, like the UNDERFED group. Numerical
data reported in the Table S3.
doi: 10.1371/journal.pone.0078424.g004
At 120 days of age, there was no significant effect of sex on
plasma leptin concentrations in any of the groups, but at 180
days-old, CONTROL, OVERFED and UNDERFED females
had lower leptin concentrations than their male littermates
(P<0.05, P<0.005 and P<0.001, respectively). Conversely
LATE-UNDERFED males had lower plasma leptin
concentrations at 180 days of age than their sisters (P<0.005).
Changes in plasma indexes of carbohydrates and lipids
metabolism during juvenile development
Analysis of plasma indexes of carbohydrates metabolism
showed differences among groups from the first sampling at
120 days of age (Table 1).Plasma glucose concentrations were
similar in OVERFED and UNDERFED offspring and
significantly higher in both groups than in CONTROL and
LATE-UNDERFED piglets (P<0.0005 for all the groups) at 120
days of age. However, from 180 to 240 days of age, glycemia
in OVERFED offspring was significantly higher than in the other
three groups (P<0.05; P<0.005 at 240 days of age). There was
no effect of sex in any of the groups.
Assessment of plasma insulin concentrations also showed
different values among groups (Table 1). Overall, OVERFED
piglets showed higher values than UNDERFED and LATE-
UNDERFED offspring (P<0.05 with both groups). The three
groups showed higher values than CONTROL pigs (P<0.05 for
UNDERFED and LATE-UNDERFED; P<0.01 for OVERFED).
Assessment of HOMA-IR index showed higher values in
OVERFED than in the CONTROL group (P<0.05); values in the
other groups were not significantly different from CONTROL
piglets. On the other hand, HOMA-β indexes were similar
among treatments. In the OVERFED group, the male piglets
showed higher values of plasma insulin and, thus, a higher
HOMA-IR index than their female counterparts (P<0.05 for both
variables); there was no effect of sex in the other groups.
Table 1. Effects of sex and maternal nutrition on offspring glucose metabolism.
 CONTROL OVERFED UNDERFED LATE-UNDERFED  
 Days of age FEMALE MALE FEMALE MALE FEMALE MALE FEMALE MALE P
Glucose (mg/dl) 120 77.3 ± 5.2 79.2 ± 3.2 116.4 ± 6.1 117.8 ± 4.7 104.2 ± 9.2 117.8 ± 6.6 77.9 ± 5.0 70.7 ± 4.0 0.000
 150 78.3 ± 3.8 72.2 ± 3.6 108.4 ± 3.3 105.4 ± 4.5 98.9 ± 5.6 103.4± 7.2 79.0 ± 4.3 80.0 ± 6.1 0.308
 180 92.3 ± 4.9 86.5 ± 6.4 102.1 ± 7.0 93.2 ± 3.6 94.8 ± 2.3 94.4 ± 6.7 88.4 ± 4.2 83.2 ± 3.9 0.068
 210 69.3 ± 8.0 73.1 ± 4.3 97.4 ± 20.4 75.4 ± 4.2 71.4 ± 3.7 79.2 ± 4.4 76.7 ± 5.7 73.1 ± 3.8 0.350
 240 76.7 ± 2.9 65.7 ± 2.6 80.7 ± 2.6 93.1 ± 6.6 71.6 ± 3.9 81.0 ± 5.2 83.4 ± 2.2 72.1 ± 4.9 0.004
Insulin (U/l) 210 1.3±0.1 1.3±0.1 1.8±0.2 1.8±0.1 1.4±0.2 1.5±0.1 1.4±0.1 1.6±0.2 0.026
HOMA-β 210 0.2±0.1 0.3±0.1 0.5±0.1 0.5±0.1 0.3±0.1 0.4±0.1 0.3±0.1 0.4±0.1 0.032
HOMA-IR 210 98.6±1.4 85.4±1.3 92.2±1.6 103.1±2.1 83.4±1.4 95.9±1.6 83.1±1.2 94.0±1.2 0.169
Fructosamine (mg/dl) 120 211.4 ± 8.8 216.6 ± 7.7 210.7 ± 9.3 224.0± 7.0 221.1 ± 8.6 200.2 ± 12.6 200.9 ± 10.9 201.3 ± 6.6 0.240
 150 202.9 ± 8.5 214.4 ± 4.7 223.4 ± 9.3 243.5± 5.6 241.6 ± 6.5 246.5 ± 10.2 209.9 ± 8.4 220.9 ± 5.9 0.324
 180 204.1 ± 4.1 210.9 ± 5.5 248.0 ± 8.7 250.0 ± 12.9 260.1 ± 3.3 264.2 ± 14.3 204.7 ± 13.2 211.7 ± 4.5 0.000
 210 210.3 ± 5.5 215.7 ± 4.5 229.0 ± 21.9 254.9 ± 8.2 262.6 ± 5.5 240.7 ± 14.0 232.3 ± 14.7 201.4 ± 9.0 0.002
 240 220.3 ± 12.1 224.7 ± 11.8 234.8 ± 5.5 234.9 ± 9.1 236.1 ± 2.6 222.2 ± 9.7 226.9 ± 10.3 218.5 ± 7.3 0.038
Changes over time in mean values (± S.E.M.) for glucose and fructosamine, and values for insulin and HOMA indexes, in male and female pigs born from sows fed, during
the entire pregnancy, with a diet fulfilling 100% (CONTROL), 160% (OVERFED) or 50% of daily maintenance requirements for gestation (UNDERFED). A fourth group
(LATE-UNDERFED) was born from females restricted to 50% of such amount from Day 36 onwards.
doi: 10.1371/journal.pone.0078424.t001
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Analysis of plasma fructosamine concentrations showed no
differences among groups at 120 days of age (Table 1).
However, from 180 to 240 days of age, fructosamine values
were similar in OVERFED and UNDERFED piglets and
significantly higher in both groups than in CONTROL and
LATE-UNDERFED offspring (P<0.0005 at 180 days of age;
P<0.05 at 210 and 240 days of age). There was no effect of
sex in any of the groups.
Screening of parameters related to lipid metabolism also
showed significant effects of maternal dietary treatments, with
similar differences in plasma concentrations of triglycerides,
cholesterol and LDL-c and HDL-c among groups (Table 2).
From 120 to 210 days of age, OVERFED piglets showed
higher plasma concentrations of triglycerides and cholesterol
than UNDERFED (P<0.05) and LATE-UNDERFED and
CONTROL offspring (P<0.01 with both groups). At 240 days of
age, the same differences were found in cholesterol levels, but
there were no significant differences in triglycerides
concentrations. These higher levels of cholesterol in the
OVERFED piglets were caused by higher concentrations of
both HDL-c and LDL-c at 120 and 180 days and by higher
concentrations of only LDL-c from 210 days of age. However,
no differences in the LDL-c/HDL-c ratio were observed.
In the CONTROL group, plasma cholesterol was always
higher in males than in females (P<0.05); such difference was
not observed in the other groups. Moreover, there was no
effect of sex on HDL-c and LDL-c. With regards to triglycerides,
OVERFED and UNDERFED males showed higher values than
females at 120 days of age (P<0.05); no effect of sex was
detected in the other two groups at this age. Afterwards, there
was no significant effect of sex in any of the groups excepting
higher values in CONTROL males than females at 240 days
(P<0.05).
Weight, body-size, adiposity, plasma leptin
concentration and fat composition at adulthood
Table 3 summarizes phenotypic values found when pigs
reached adult size (at 240 days of age in OVERFED and
UNDERFED pigs and at 290 days of age in CONTROL and
LATE-UNDERFED pigs).
The maternal nutritional treatment and the offspring sex
continued modulating body weight and size at adulthood.
OVERFED and UNDERFED pigs were, overall, heavier and
more corpulent than CONTROL and LATE-UNDERFED pigs
(P<0.001 for all the groups). In the CONTROL and OVERFED
groups, males had higher weight and BMI1 than females
(P<0.005); conversely, there was no difference between males
and females in the other two groups.
The values for subcutaneous fat depth were similar in all the
groups, as detailed in Table 3. However, the values for visceral
fat depots continued being higher in OVERFED and
UNDERFED than in CONTROL pigs (P<0.05). The values in
the UNDERFED and LATE-UNDERFED pigs were determined
Table 2. Effects of sex and maternal nutrition on offspring lipids metabolism.
 CONTROL OVERFED UNDERFED LATE-UNDERFED  
 Days of age FEMALE MALE FEMALE MALE FEMALE MALE FEMALE MALE P
Triglycerides (mg/dl) 120 46.7 ± 4.5 55.6 ± 7.4 81.7 ± 13.7a 116.9 ± 10.9b 61.3 ± 10.2a 94.2 ± 9.8b 46.6 ± 6.1 48.2 ± 6.4 0.000
 150 38.4 ± 5.5 40.0 ± 2.9 76.6 ± 12.4 101.9 ± 8.0 60.2 ± 6.4 62.3 ±8.9 44.0 ± 7.5 39.8 ± 5.1 0.066
 180 46.9 ± 6.7 57.4 ± 7.6 66.4 ± 8.6 74.2 ± 4.2 58.4 ± 4.2 42.8 ± 10.9 50.9 ± 8.8 58.2 ± 4.8 0.033
 210 44.3 ± 8.9 43.5 ± 3.8 61.0 ± 11.7 80.0 ± 13.6 51.2 ± 6.3 63.2 ± 9.4 39.1 ± 4.2 36.8 ± 3.9 0.001
 240 62.9 ± 7.3a 96.8 ± 16.6b 64.4 ± 7.9 83.7 ± 12.4 59.7 ± 10.2 63.8 ± 11.5 57.4 ± 14.4 77.6 ± 16.9 0.474
Total cholesterol (mg/dl) 120 89.1 ± 5.3 101.8 ± 5.3b 136.2 ± 12.9 140.7 ± 5.7 119.1 ± 10.1 112.1 ± 7.7 80.6 ± 4.8 93.0 ± 3.8 0.000
 150 96.8 ± 3.9 a 102.4 ± 4.6b 123.4 ± 9.3 139.1 ± 11.0 114.6 ± 7.2 118.4 ± 8.8. 98.9 ± 4.6 98.5 ± 6.2 0.078
 180 91.7 ± 4.5a 112.8 ± 5.5b 117.1 ± 7.5 131.6 ± 6.8 109.6 ± 5.3 126.6 ± 6.0 106.5 ± 5.8 108.0 ± 3.7 0.005
 210 88.7 ± 7.9a 106.9 ± 6.8b 124.3 ± 8.1 124.7 ± 7.9 98.3 ± 5.5 109.8 ± 2.9 91.9 ± 8.9 100.0 ± 5.0 0.000
 240 97.5 ± 4.2a 105.1 ± 5.2b 100.6 ± 6.1 113.1 ± 7.8 85.1 ± 5.4 94.3 ± 6.9 98.7 ± 6.3 99.5 ± 6.4 0.043
HDL-cholesterol (mg/dl) 120 24.0 ± 4.8 33.5 ± 1.7 41.0 ± 5.2 44.7± 3.9 31.7 ± 6.3 35.7 ± 3.2 22.1 ± 4.1 24.4 ± 2.9 .000
 150 31.2 ± 1.8 33.3 ± 1.7 39.8 ± 4.9 45.2 ± 3.1 36.5 ± 5.3 37.4 ± 4.2 33.91 ± 5.0 33.4 ± 2.9 .692
 180 28.0 ± 1.8 28.5 ± 3.2 34.5 ± 4.9 45.6 ± 2.4 39.6 ± 4.6 39.1 ± 5.0 28.9 ± 4.1 27.0 ± 2.5 .001
 210 30.6 ± 5.2 34.8 ± 2.9 40.1 ± 4.3 34.0 ± 6.4 30.4 ± 5.0 33.3 ± 3.0 28.1 ± 8.2 27.9 ± 3.6 .302
 240 30.8 ± 4.2 27.6 ± 4.7 22.3 ± 4.6 33.1 ± 2.8 24.4 ± 3.8 30.2 ± 5.4 32.2 ± 7.2 23.9 ± 3.4 .970
LDL-cholesterol (mg/dl) 120 55.8 ± 3.7 57.2 ± 4.4 78.8 ± 9.7 72.6 ± 5.3 76.1 ± 8.4 57.6 ± 5.5 49.2 ± 3.3 59.0 ± 2.6 0.002
 150 57.9 ± 3.7 61.1 ± 4.0 72.1 ± 7.8 76.5 ± 6.7 62.4 ± 6.7 64.5 ± 7.8 56.2 ± 4.1 57.2 ± 3.4 0.431
 180 54.4 ± 3.8 72.7 ± 6.4 64.9 ± 5.7 78.7 ± 10.0 58.3 ± 5.4 78.9 ± 10.2 67.4 ± 6.2 69.3 ± 4.2 0.757
 210 50.2 ± 6.6 63.6 ± 6.5 72.1 ± 6.6 74.6 ± 4.6 57.6 ± 5.6 63.9 ± 1.9 56.0 ± 4.8 64.7 ± 4.4 0.031
 240 54.2 ± 2.5 58.1 ± 4.9 65.5 ± 3.7 63.3 ± 8.5 48.8 ± 3.0 51.4 ± 5.2 55.0 ± 5.2 60.1 ± 4.3 0.047
Changes over time in mean values (± S.E.M.) for triglycerides, total cholesterol, HDL-cholesterol and LDL-cholesterol in male and female pigs born from sows fed, during the
entire pregnancy, with a diet fulfilling 100% (CONTROL), 160% (OVERFED) or 50% of daily maintenance requirements for gestation (UNDERFED). A fourth group (LATE-
UNDERFED) was born from females restricted to 50% of such amount from Day 36 onwards. Different superscripts within the same nutritional group indicate significant
differences between sexes (a≠b: P<0.05).
doi: 10.1371/journal.pone.0078424.t002
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by the sex. Males were similar to CONTROL counterparts, but
females showed similar values to OVERFED gilts, so higher
than in CONTROL females (P<0.05). The percentage of
intramuscular fat, as evaluated by histology in the males, was
also higher (P<0.001) in OVERFED and UNDERFED than in
CONTROL and LATE-UNDERFED pigs.
Plasma leptin concentrations were again similar when
comparing OVERFED and UNDERFED offspring; in the same
way, values were also similar when comparing CONTROL and
LATE-UNDERFED pigs (Table 4). Such values were
significantly higher in both OVERFED and UNDERFED than in
CONTROL and LATE-UNDERFED pigs (P<0.05 for all the
groups). There were no significant effects of sex on plasma
leptin concentrations of CONTROL and LATE-UNDERFED
piglets but UNDERFED females had higher values than male
counterparts (P<0.05). On the other hand, leptin concentration
was higher in OVERFED males than in their sisters (P<0.05).
The maternal nutritional treatments also led to differences in
fat composition (Table 5). The proportion of saturated fatty
acids (SFA) was higher (P<0.001) in CONTROL and LATE-
UNDERFED than in OVERFED and UNDERFED pigs due to a
higher content in C14:0, C17:0, C18:0, C20:0 (P<0.01 for all)
and C16:0 (P<0.05). On the other hand, the proportion of
monounsaturated fatty acids (MUFA) was higher (P<0.001) in
OVERFED and UNDERFED pigs than in the other two groups
due to a higher content in C16:1, C18:1n-7 and C18:1n-9
(P<0.01 for all). There were no significant differences in the
proportion of polyunsaturated fatty acids (PUFA) among
treatments, although these values tended to be lower in
OVERFED pigs and higher in the LATE-UNDERFED group.
Finally, the FA desaturation index was higher in the three
groups of pigs that were born from nutritionally treated sows
than in the CONTROL pigs (P<0.05 for OVERFED and LATE-
UNDERFED; P<0.01 for UNDERFED); without differences
among these three groups.
Indexes of carbohydrates and lipids metabolism at
adulthood
Assessment of plasma indexes of carbohydrates metabolism
showed, overall, higher values of glucose in OVERFED pigs
(P<0.005) than in the UNDERFED and LATE-UNDERFED
groups (Table 6). There were no significant effects of offspring
sex in any of the groups. Plasma fructosamine concentrations
were similar in OVERFED and UNDERFED piglets and
significantly higher in both groups than in CONTROL and
LATE-UNDERFED offspring (P<0.0005).
Analysis of parameters related to lipid metabolism (Table 6)
showed a lack of differences among groups in plasma
concentrations of triglycerides. On the other hand, plasma
concentrations of total cholesterol were affected by maternal
nutritional treatment. The OVERFED pigs showed lower
concentrations of HDL-c and higher concentrations of LDL-c
than all the other groups (P<0.05). Thus, OVERFED pigs had
significantly a higher LDL-c/HDL-c ratio than CONTROL and
LATE-UNDERFED offspring (P<0.05). On the other hand,
Table 3. Effects of sex and maternal nutrition on body size and fatness at adulthood.
 CONTROL OVERFED UNDERFED LATE-UNDERFED  
 FEMALE MALE FEMALE MALE FEMALE MALE FEMALE MALE P
Body weight (kg) 110.1 ± 2.2e 121.4 ± 2.2f 125.4 ± 4.2e 134.3 ± 3.3f 129.9 ± 3.1 124.8 ± 2.4 116.9 ± 5.0 113.7 ± 2.2 0.000
Trunk volume (m3) 117.5 ± 1.4c 142.3 ± 9.0d 123.7 ± 5.4c 150.6 ± 6.8d 137.8 ± 4.3 132.5 ± 3.4 131.0 ± 5.3 127.6 ± 3.6 0.592
BMI1 85.5 ± 1.7e 91.5 ± 1.1f 100.3 ± 3.1e 100.4 ± 1.8f 98.0 ± 2.8 96.3 ± 2.7 87.8 ± 3.2 87.3 ± 1.3 0.000
BMI2 9.4 ± 0.15 8.7 ± 0.3 10.2 ± 0.3a 8.9 ± 0.2b 9.5 ± 0.3 9.6 ± 0.2 8.9 ± 0.2 8.9 ± 0.1 0.028
Subcutaneous fatness (US; mm) 38.4 ± 4.1 45.3 ± 1.8 42.5 ± 1.3 43.6 ± 1.9 41.3 ± 0.2 40.0 ± 1.4 45.6 ± 1.2 49.1 ± 1.6 0.348
Subcutaneous fatness (MRI; mm) 70.9±1.8 76.6 ± 3.1 70.1 ± 3.3 78.3 ± 6.9 70.8 ± 4.7 73.3 ± 3.8 65.9 ± 4.7 70.9 ± 3.0 0.540
Visceral fatness (MRI; cm2) 29.5 ± 1.3 24.2 ± 5.6 37.4 ± 3.2 38.5 ± 5.0 37.8 ± 0.8a 29.5 ± 2.6b 38.0 ± 2.8a 24.6 ± 3.2b 0.015
Intramuscular fatness (%) - 19.4 ± 1.7 - 25.1 ± 2.4 - 24.2 ± 0.9 - 15.4 ± 1.1 0.001
Morphological features (mean ± S.E.M.) of male and female pigs born from sows fed, during the entire pregnancy, with a diet fulfilling 100% (CONTROL), 160% (OVERFED)
or 50% of daily maintenance requirements for gestation (UNDERFED). A fourth group (LATE-UNDERFED) was born from females restricted to 50% of such amount from
Day 36 onwards. Different superscripts within the same nutritional group indicate significant differences between sexes (a≠b: P<0.05; c≠d: P<0.01; e≠f: P<0.005).
doi: 10.1371/journal.pone.0078424.t003
Table 4. Effects of sex and maternal nutrition on plasma leptin concentration at adulthood.
 CONTROL OVERFED UNDERFED LATE-UNDERFED  
 FEMALE MALE FEMALE MALE FEMALE MALE FEMALE MALE P
Leptin (ng/ml) 11.9±4.3 12.5±2.5 14.7±0.6 18.2±3.1 20.6±3.2 11.0±0.9 10.9±2.8 13.9±2.4 0.019
Mean values (± S.E.M.) for plasma leptin concentration in male and female pigs born from sows fed, during the entire pregnancy, with a diet fulfilling 100% (CONTROL),
160% (OVERFED) or 50% of daily maintenance requirements for gestation (UNDERFED). A fourth group (LATE-UNDERFED) was born from females restricted to 50% of
such amount from Day 36 onwards.
doi: 10.1371/journal.pone.0078424.t004
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differences with UNDERFED were not significant, since this
group also had a higher LDL-c/HDL-c ratio than CONTROL
and LATE-UNDERFED offspring (P<0.05).
Table 5. Effects of sex and maternal nutrition on fat
composition at adulthood.
 CONTROL OVERFED UNDERFED LATE-UNDERFED P
C10_0 0.07±0.00 0.11±0.01 0.12±0.01 0.08±0.00 0.000
C12_0 0.07±0.00 0.08±0.01 0.08±0.00 0.07±0.00 0.682
C14_0 1.53±0.02 1.46±0.04 1.31±0.02 1.50±0.04 0.002
C14_1 0.15±0.01 0.14±0.01 0.15±0.01 0.16±0.01 0.453
C15_1 0.50±0.07 0.61±0.05 0.73±0.10 0.70±0.07 0.082
C16_0 26.13±0.31 25.10±0.28 24.41±0.28 25.60±0.29 0.007
C16_1 3.74±0.08 4.36±0.10 3.88±0.07 3.78±0.09 0.000
C17_0 0.23±0.01 0.18±0.01 0.21±0.02 0.22±0.01 0.000
C17_1 0.25±0.01 0.19±0.01 0.22±0.01 0.24±0.01 0.000
C18_0 13.57±0.26 10.91±0.21 11.03±0.07 13.18±0.24 0.000
C18_1n-9 42.83±0.55 46.58±0.50 47.54±0.39 42.91±0.47 0.000
C18_1n-7 3.44±0.08 3.79±0.10 3.58±0.13 3.35±0.04 0.000
C18_2n-6 4.99±0.31 4.38±0.20 4.72±0.35 5.61±0.37 0.049
C18_3 0.17±0.01 0.12±0.01 0.10±0.03 0.16±0.02 0.008
C20_0 0.19±0.00 0.16±0.00 0.17±0.01 0.18±0.01 0.000
C20_1 0.82±0.01 0.83±0.02 0.86±0.01 0.76±0.02 0.007
C20_2 0.21±0.01 0.24±0.01 0.26±0.01 0.22±0.01 0.053
C20_3 0.98±0.10 0.93±0.08 1.08±0.16 1.24±0.14 0.075
C20_5 0.29±0.04 0.28±0.04 0.27±0.04 0.27±0.04 0.327
SFA 41.80±0.56 37.96±0.41 37.53±0.61 40.79±0.50 0.000
MUFA 51.73±0.55 56.37±0.49 56.81±0.33 51.90±0.48 0.000
PUFA 6.47±0.40 5.66±0.28 6.16±0.50 7.32±0.48 0.048
FADI 66.17±0.91 68.75±0.55 70.31±0.83 68.26±0.97 0.032
Mean values (± S.E.M.) for individual fatty acids (FA), proportions of saturated FA
(SFA), monounsaturated FA (MUFA) and polyunsaturated FA (PUFA) and
desaturation index (FADI) in male pigs born from sows fed, during the entire
pregnancy, with a diet fulfilling 100% (CONTROL), 160% (OVERFED) or 50% of
daily maintenance requirements for gestation (UNDERFED). A fourth group
(LATE-UNDERFED) was born from females restricted to 50% of such amount from
Day 36 onwards.
doi: 10.1371/journal.pone.0078424.t005
Concentrations of fructosamine were higher in LATE-
UNDERFED males than females (P<0.05). In all the groups,
total cholesterol and HDL-c were also higher in males (P<0.05).
Discussion
The results of the present study indicate that the intrauterine
exposition of conceptuses to maternal malnutrition is
associated with significant changes in their early postnatal and
juvenile development, metabolism and, hence, in their
subsequent adult phenotype. These changes are modulated
mainly by type (deficiency or excess) and timing (entire
pregnancy or only the last two thirds of gestation) of maternal
malnutrition, but there was also found a strong modulatory
effect of the offspring sex.
The differences in growth patterns and adult phenotype
related to maternal nutrition and offspring sex found in this trial
are similar to previous studies in human beings and laboratory
animals [19]. These results support the validity of the Iberian
pig as a robust, amenable and reliable translational model for
studies on nutrition-associated diseases. In the present study,
the effects of prenatal programming were found after feeding
the Iberian sows with diets more moderate than reported in
other swine models [20-22], like we have previously found in
dietary treatments for inducing obesity and associated
disorders at juvenile and adult stages [4,5]. These unique
features can be related to the background of exposure to harsh
environments and food scarcity for generations of the Iberian
pig. Thus, the results found in the present experiment must be
considered of importance for increasing the knowledge on the
factors involved in the propensity of people living in developing
countries for undergoing obesity and associated diseases.
A possible weakness of the current study, arising from an
experimental point of view, is the lack of a fifth group assessing
features of offspring exposed to maternal overnutrition during
the last two thirds of pregnancy. However, from a translational
point of view, such group is useless; diets may be restrained in
pregnant females after diagnosis for avoiding excesses in
weight gain throughout gestation, although this is a very
controversial issue, but they are not usually exposed to
Table 6. Effects of sex and maternal nutrition on glucose and lipid metabolism at adulthood.
 CONTROL OVERFED UNDERFED LATE-UNDERFED  
 FEMALE MALE FEMALE MALE FEMALE MALE FEMALE MALE P
Glucose (mg/dl) 88.6 ± 4.8 96.3 ± 5.3 80.7 ± 2.6 93.1 ± 6.6 71.6 ± 3.9 81.0 ± 5.2 92.7 ± 6.2 89.9 ± 3.1 0.004
Fructosamine (mg/dl) 201.9 ± 12.7 203.2 ± 12.0 234.8 ± 5.5 234.9 ± 9.1 236.1 ±2.6 222.2 ± 9.6 189.9 ± 5.2a 218.3 ± 6.1b 0.000
Triglycerides (mg/dl) 48.0 ± 9.1 87.1 ± 11.8 64.4 ± 7.9 83.7 ± 12.4 59.7 ± 10.2 63.8 ± 11.5 58.7 ± 12.5 44.1 ± 7.4 0.123
Total cholesterol (mg/dl) 98.5 ± 6.6a 121.8 ± 9.5b 100.6 ± 6.1 a 113.1 ± 7.8b 85.1 ± 5.4a 94.3 ± 6.9b 97.7 ± 8.4a 122.4 ± 6.0b 0.016
HDL-c (mg/dl) 34.8 ± 4.3a 46.2 ± 7.8b 22.3 ± 4.6a 33.1 ± 2.7b 24.9±3.8a 30.2 ± 5.4b 24.5 ± 3.0a 48.9 ± 3.9b 0.013
LDL-c (mg/dl) 54.1 ± 3.7 58,2 ± 4.1 65.5 ± 3.8 63.3 ± 8.5 48.9 ± 3.0 51.4 ± 5.2 61.5 ± 7.6 61.6 ± 5.0 0.044
Mean values (± S.E.M.) for glucose, fructosamine, triglycerides, total cholesterol, HDL-cholesterol and LDL-cholesterol in male and female pigs born from sows fed, during
the entire pregnancy, with a diet fulfilling 100% (CONTROL), 160% (OVERFED) or 50% of daily maintenance requirements for gestation (UNDERFED). A fourth group
(LATE-UNDERFED) was born from females restricted to 50% of such amount from Day 36 onwards. Different superscripts within the same nutritional group indicate
significant differences between sexes (a≠b: P<0.05).
doi: 10.1371/journal.pone.0078424.t006
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increases in food intake over pregnancy necessities after
confirmation of pregnancy.
Effects of maternal nutrition on growth and fatness of
the offspring
The results of the current study indicate, firstly, that the
newborns from sows exposed to either under- or overnutrition
during the entire gestation have a similar body weight and size
than control neonates. Such findings, similar to previous data
from epidemiological studies in humans [23-28] and
experimental approaches in animals [29-32], gives new
evidences favoring the concept of the adaptive response of
embryos to maternal malnutrition [19]. Moreover, these results
support the hypothesis of Watkins and co-workers [33] that, in
case of consistency between pre- and post-implantation
periods, adaptive responses induced in the embryos by
maternal nutrition led to normal fetal growth. On the other
hand, inconsistency in food availability between both periods
led to alterations in the growth of the conceptuses. In
agreement with this concept, in the current study, newborns
from sows exposed to undernutrition during only the last two
thirds of pregnancy have a significantly lower body weight and
size than control counterparts; results that are also in
agreement with previous studies in humans and animal models
and, specifically, in the pig [34-39].
Afterwards, reinforcing the concept of DOHaD [10,11], the
piglets exposed to both under- and overnutrition during the
entire pregnancy have increased growth patterns during early
postnatal and juvenile development, developing higher body
weights, sizes and fatness than individuals from pregnancies
underfed at the last two thirds and even than the control
offspring. These differences were found from 90 days of age;
i.e.: prior to exposure to postnatal obesogenic diet (120 days of
age). Thus, it is not necessary a postnatal excess of nutrients
for triggering the disruptive effects of prenatal programming, at
least in the Iberian pig. However, the exposure of these
individuals to obesogenic diets is also related to higher rates of
fat accumulation and, hence, favours the onset of obesity.
Moreover, it is noteworthy the difference among groups in the
evolution of the ratio between body weight and volume (BMI2)
during lactation: an outstanding result of the present study.
Although there are no significant differences in body weight
and size among the piglets exposed to either under- or
overnutrition during the entire pregnancy and the control
individuals, BMI2 at weaning indicates a higher weight
deposition in relationship to body development in the piglets
exposed to maternal malnutrition during the entire pregnancy.
Such finding strengths the role of prenatal programming on
infant development and encourages the necessity of further
research in this area.
Effects of offspring sex on postnatal growth and
fatness
All the effects of maternal malnutrition reported in the current
study are modulated by the sex of the offspring. The
comparison of control males and females littermates indicates
that males are always heavier and larger than females.
However, conversely, females from under- and overfed
pregnancies have enhanced growth patterns and, hence, body
weight, corpulence and adiposity, which are similar to those of
male littermates. The effect of the sex of the offspring on
postnatal growth is even more evident in the individuals from
pregnancies underfed at the last two thirds. The males from
late underfed sows continue having lower weight size and
adiposity than control males during the entire juvenile
development. Conversely, the females undergo enhanced
postnatal growth and reach higher weight than control females
at a so early moment as at weaning time and continue gaining
more weight than their brothers during the entire juvenile
period. These data indicate sex-specific differences in
postnatal growth in the Iberian breed that have not been
previously reported in lean swine [40,41]. Overall, all the
features described above indicate a predisposition for a better
postnatal development of the Iberian females, which are more
critical for the survival of the species with an enhanced body
development in females from underfed sows occurring even
prior to exposure to postnatal obesogenic diet. However, in the
case of postnatal food abundance, the consequences of
prenatal programming are even more negative. In our study,
the exposure of females from underfed pregnancies to
obesogenic diets is related to an increased fat deposition;
hence, at the end of the growth period, these females have
significantly higher fat depots than control females.
The results of the present study, taken as a whole, give new
evidences to the theory of DOHaD. Moreover, the serial
screening of changes in the metabolic features of the offspring
allowed the finding of non-previously described effects of
maternal nutrition. On the other hand, the influence of the
offspring sex on metabolic features was weaker, although
indexes were always augmented in males. The effects of
maternal nutrition found in the present trial were displayed
even with controlled postnatal food intake, but enhanced after
exposure to obesogenic diets during their juvenile development
as described in Iberian females that were not exposed to
prenatal programming [5].
Effects of maternal nutrition on offspring
predisposition to metabolic syndrome
Serial assessment of adiposity, performed by
ultrasonography, magnetic resonance imaging and, finally,
post-mortem, indicates that offspring from sows over- and
underfed during the entire pregnancy have increased fat
depots both at subcutaneous and visceral levels during juvenile
development. At adulthood, differences in subcutaneous
adiposity are vanished, probably as a consequence of the
obesogenic diet. However, pigs exposed to prenatal
malnutrition have still a significant higher amount of fat at
visceral and intramuscular location. This feature indicates that
these individuals have developed central obesity; the first
symptom of the metabolic syndrome.
The metabolic syndrome is the main risk factor for
developing type-2 diabetes and cardiovascular diseases
[42,43]. The syndrome is characterized by the presence of at
least three of five symptoms: central obesity, impaired glucose
regulation, insulin resistance, dyslipidemia (increased
triglyceridemia and low plasma HDL-c), and hypertension
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[44–47]. We did not assessed cardiovascular features in the
present study, but evaluation of the metabolic status showed
significant effects of maternal malnutrition on glucose and lipids
metabolism.
First, the individuals from the three groups exposed to
maternal malnutrition during pregnancy (either by over- or
undernutrition during the entire pregnancy or its last two thirds)
are affected by impairments of glucose regulation, with
increased insulin secretion in order to maintain adequate
plasma glucose concentrations, like it is found in human beings
[48]. However, plasma fructosamine concentrations remained
higher in offspring exposed to maternal malnutrition during the
entire pregnancy. Possibly, alterations of glucose regulation in
these piglets are related to increases in fat-content, since it is
well-known, in human young individuals, that adiposity
increases insulin resistance [48,49]. This relationship between
adiposity and insulin resistance found in human adolescents
seems to be related to increased plasma leptin concentrations;
in fact, although adipokines are involved in the prodrome of
diabetes [50], leptin is the only adipokine reported to correlate
with insulin resistance in children to the date [50]. Moreover,
leptin relationships with metabolic alterations and type-2
diabetes are strongly affected by the genetic type, the breed,
both at infant and adult stages [51,52].
The three groups exposed to maternal malnutrition during
pregnancy showed impairments of glucose regulation and
increased insulin secretion, but we should note that these
alterations get worsened in the offspring from overfed
pregnancies. These piglets have a clearly established insulin
resistance as indicated by the HOMA-IR index, although
impairments of β-cell function are still not established at such a
young age. However, consequences may be found in a later
age since previous results in adult Iberian sows evidenced the
propensity of the breed to develop type-2 diabetes [4]. In fact,
chronic consumption of obesogenic diets induces a progressive
deterioration in secretion of insulin by β-cells [53] which may
give way to type-2 diabetes during adulthood [54,55]. In fact,
the onset of diabetes depends on the ability of β-cells to
respond to the increased demand for insulin that results from
insulin resistance, with β-cells failure causing type-2 diabetes.
The indexes of lipids metabolism were also altered in the
offspring exposed to maternal malnutrition during the entire
pregnancy, either by deficiency or excess. These animals show
higher plasma levels of triglycerides and cholesterol and
evidence changes in the relative amounts of HDL-c and LDL-c
when compared to control individuals. At adulthood, the pigs
exposed to both maternal under- and overnutrition during the
entire pregnancy evidence dyslipidemia, a fourth symptom of
the metabolic syndrome. This finding is even more concerning
that the previous, since hypertriglyceridemia and dyslipidemia
are morbidities usually found at more advances ages [56].
Hypertriglyceridemia is related primarily to the amount of
visceral fat, significantly higher in the prenatally programmed
piglets of our study, and, like in our study, may be indicative of
impaired glucose tolerance [57-59]. In fact, the simultaneous
increases in insulin resistance and plasma triglycerides in the
current study support previous evidences of a link between
insulin resistance and elevated triglycerides levels in blood and
tissues [60-63].
Analysis of tissues, of fat composition, at adulthood also
showed significant effects of prenatal nutrition. The three
groups of pigs from under- and overfed pregnancies showed a
higher fat desaturation than the control offspring; mainly, pigs
from sows under- or overfed during the entire pregnancy, which
have a higher proportion of monounsaturated fatty acids and,
especially, of palmitoleic acid. Altered fatty acid metabolism
has been implicated in the development of obesity and,
moreover, the determination of the desaturation index is
currently being studied as a potential biomarker of metabolic
risk [64-66]. The desaturation index correlates with the activity
of fatty acids desaturases; mainly with the stearoyl-CoA
desaturase enzyme 1 (SCD1), the enzyme that catalyses the
conversion of saturated to monounsaturated fatty acids.
Increased SCD1 activity has been demonstrated in individuals
with obesity and metabolic disorders, indicating enhanced
lipogenesis [62-69]. Specifically, a low content of stearic acid
and/or a high content in palmitoleic acid (precursor and product
of SCD1 activity, respectively), like in the pigs exposed to
maternal malnutrition in the current study, are considered
independent and reliable markers of abdominal adiposity,
triglyceridemia and alterations in insulin regulation [67,70].
Conclusions
The results obtained in the present study indicate that
exposure of Iberian pigs to maternal under- or overnutrition
during pregnancy makes the offspring more prone to higher
postnatal corpulence and adiposity. Such findings are
supporting previous evidences found in the study of the
DOHaD phenomena.
However, the first main finding in the current study is that a
postnatal exposure to food abundance was not necessary for
triggering effects on growth patterns and fatness. Changes in
body development and adiposity were observed even in case
of controlled intake during the first months after birth and even
at early postnatal stages, during lactation. Afterwards, the
exposure of these individuals to obesogenic diets increases
significantly fat accumulation when compared to offspring from
pregnancies with balanced diets.
The second main finding of the current study is the fact that
these effects can be amplified in the female sex. The effects of
sex are even more remarkable in offspring exposed to maternal
undernutrition during the last two thirds of pregnancy. In this
case, patterns of body growth and corpulence are similar to
control piglets but females have a strong predisposition to
obesity, and even stronger after exposition to obesogenic diets.
Finally, such alterations in patterns of growth and fattening
could be related to the development of metabolic syndrome
(central obesity, impaired glucose regulation, insulin resistance
and, dyslipidemia) and prodrome of type-2 diabetes at very
early life stages.
These findings provide a basis for clarifying the interaction
between genetic and environmental factors in the
determination of adult phenotype. The distinctive hallmark of
our study is the use of the Iberian pig as a large animal model
Maternal Nutrition and Offspring Phenotype
PLOS ONE | www.plosone.org 11 October 2013 | Volume 8 | Issue 10 | e78424
genetically adapted, for generations, to harsh environments
and food scarcity. Hence, the data obtained are unique in
translational studies of obesity and associated disorders in
developing countries like China, India and Middle East
countries, in which populations adapted for surviving in harsh
environments are currently exposed to nutrient excess.
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Prenatal programming of obesity in a swine model of leptin
resistance: modulatory effects of controlled postnatal
nutrition and exercise
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The main role of early nutritional programming in the current rise of obesity and associated diseases is well known. However, translational studies are
mostly based in postnatal food excess and, thus, there is a paucity of information on the phenotype of individuals with prenatal deficiencies but adequate
postnatal conditions. Thus, we assessed the effects of prenatal programming (comparing descendants from females fed with a diet fulfilling 100 or only
50% of their nutritional requirements for pregnancy) on gene expression, patterns of growth and fattening, metabolic status and puberty attainment of a
swine model of obesity/leptin resistance with controlled postnatal nutrition and opportunity of exercise. Maternal restriction was related to changes in the
relationships among gene expression of positive (insulin-like growth factors 1 and 2) and negative (myostatin) regulators of muscle growth, with negative
correlations in gilts from restricted pregnancies and positive relationships in the control group. In spite of these differences, the patterns of growth and
fattening and the metabolic features during juvenile growth were similar in control gilts and gilts from restricted pregnancies. Concomitantly, there was a
lack of differences in the timing of puberty attainment. However, after reaching puberty and adulthood, females from restricted pregnancies were heavier
and more corpulent than control gilts, though such increases in weight and size were not accompanied by increases in adiposity. In conclusion, in spite of
changes in gene expression induced by developmental programming, the propensity for higher weight and adiposity of individuals exposed to prenatal
malnutrition may be modulated by controlled food intake and opportunity of physical exercise during infant and juvenile development.
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Introduction
Obesity and associated disorders have been traditionally
reported in people from developed countries. However, the
most recent epidemiological studies indicate that their inci-
dence is currently increasing at a high rate in individuals living
in rapidly developing areas.1 At the same time, although obesity
is traditionally more prevalent in adults, the incidence of
obesity and overweight is currently increasing at an alarming
rate in childhood. The number of overweight children was over
42 million in 2010; around 35 million of these are living in
developing countries (http://www.who.int/dietphysicalactivity/
childhood/en/). These two facts indicate important changes
in the prevalence, incidence and sociodemographic profile of
the disease, pointing to childhood and youth from developing
countries.
Young people from developing countries are characterized
by having intrinsic ethnic features, by descending from ances-
tors adapted to food scarcity and by a current exposure to
nutrients excess, mostly in the form of high caloric obesogenic
diets. The consequences have been mainly studied in India,
which is currently facing epidemics of obesity and diabetes.2
Indian ethnicity is thought to have an adaptive thrifty phenotype
for surviving in scarce food environment; a high percentage of
Indian newborns are affected by intrauterine growth retarda-
tion (IUGR)2–4 and the postnatal exposure of these children
to diets abundant in amount and calories causes increased
adiposity, insulin resistance (IR) and cardiometabolic risk as
early as at eight to nine years of age.4,5 The same increase in
childhood obesity is being reported in other areas like Brazil,6
China7 and Middle East countries.8,9
These findings closely resemble data supporting the
hypothesis of the Developmental Origin of Health and Disease
(DOHaD),10 which addresses that the interaction between
genetic predisposition, nutrition of the conceptus during
pregnancy and postnatal exposure to obesogenic environments
(mainly inadequate nutrition and lack of physical activity)
markedly determines juvenile growth, fitness/obesity and
appearance of some metabolic diseases.
The study of potential interactions of DOHaD with the
physiology and pathophysiology of a complex multi-factorial
disease like obesity makes necessary the development of observa-
tional, mechanistic and interventional studies. Experimentation in
humans is obviously limited by ethical issues and, therefore,
research needs to be performed in animal models; specifically,
for translational purposes, in mammalian species.11 Most of the
studies have been carried out in mice; however, the use of
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large animals (rabbit, sheep, pig) offers numerous profitable
characteristics for translational studies.12 The most amenable
large animal model for obesity studies is the pig (proportional
organ sizes, omnivorous habits, similar characteristics of lipo-
protein metabolism and propensity to sedentary behaviour and
obesity).13–15 There is a swine breed, the Iberian pig, which is a
well-recognized translational model for studies on obesity and
associated diseases in humans.16,17 The Iberian pig faces similar
conditions to previously cited for humans living in developing
countries. Specifically, the Iberian pig has an adaptive thrifty
phenotype owing to a gene polymorphism for the leptin receptor,
similar to the syndrome of leptin resistance described in human
medicine18–20 with effects on food intake, body weight and fat
deposition.21,22 Moreover, the Iberian pig has a background of
exposure to harsh environments and food scarcity and a current
availability of nutrients in excess.
Previous studies of our group23–25 indicate that maternal
undernutrition in Iberian swine induces IUGR and therefore
lower birth weight and corpulence of the offspring; in a similar
way to lean swine breeds. The results found in lean genotypes
indicate that IUGR cannot be compensated during postnatal
growth. The postnatal development after IUGR is driven by
offspring sex, in the Iberian genotypes. In a similar way to lean
swine breeds, IUGR in Iberian males cannot be compensated
during postnatal growth; however, females compensate IUGR
by occurrence of catch-up growth, as early as during the breast-
feeding period.23,25 Hence, at weaning, weight and size are
similar in female piglets born to restricted and non-restricted
sows. At adulthood, in case of exposure of these piglets to an
obesogenic environment (ad libitum access to a high-fat diet
and lack of physical activity) during their juvenile period,
females born to restricted mothers are heavier and more
fattened than females from control sows.25
At the present time, concomitantly with these results in
the Iberian model, the incidence of overweight in girls from
developing countries is currently increasing, for reaching
and even exceeding rates reported for boys.8,9,26 This is a very
concerning issue since the health importance of overweight and
obesity in girls is aggravated by their relationship with repro-
ductive disorders; mainly, an earlier age of menarche.27–29
Currently, although in the middle of controversy,30 the fight
against obesity and associated disorders is based both on preven-
tion (mainly, adequate lifestyle and nutrition)6 and medical
treatment (mainly insulin sensitizers like metformin,31 although
combined with controlled diet and exercise).32 However, the
available information on the links between DOHaD and obesity
suggests that individuals with genetic predisposition to obesity,
exposed to prenatal malnutrition and evidencing catch-up growth
in the early postnatal stages are fated to develop obesity and
metabolic diseases.33–35 Experimental studies on DOHaD are
mostly based in a mismatch between prenatal nutritional scarcity
and postnatal food excess. However, there is limited information
on juvenile and adult phenotype of individuals affected by
prenatal programming but growing up in a non-obesogenic
postnatal environment with adequate nutrition and physical
activity. Thus, the main objective of the present experiment
was to determine the effects of prenatal programming on gene
expression, patterns of growth and fattening, metabolic status
and reproductive features (puberty attainment) during juvenile
and adult periods of Iberian pigs with controlled nutrition and
opportunity of exercise.
Materials and methods
Animals and handling
The experimental work was carried out at the INIA Animal
Unit, under Project License assessed and approved (report
CEEA 2010/003) by the INIA Committee of Ethics in Animal
Research. The INIA Animal Unit meets the requirements of
the European Union for Scientific Procedure Establishments
and management of animals was performed accordingly to the
Spanish Policy for Animal Protection RD1201/05, which
meets the European Union Directive 86/609 about the pro-
tection of animals used in experimentation.
The experiment involved 17 Iberian gilts (purebred Torbiscal
strain) from 17 different litters born to purebred Torbiscal
sows with similar phenotypes, body weights and age (three to
four parities) but different nutritional management during
pregnancy. A first group of gilts (control group, n = 8) was born
to sows that were fed with a standard grain-based diet (13.0% of
crude protein, 2.8% of fat and 3.00Mcal/kg of metabolizable
energy) fulfilling their daily maintenance requirements for
pregnancy. The second group (restricted group, n = 9) received
the same amount of food than control group until day 35 of
gestation but only 50% of such quantity during the remaining
last two-thirds of pregnancy. At birth, as a consequence of the
nutritional management as previously described,23,25 the mean
body weight was significantly lower in the newborns from
restricted sows than in the control group (1.38± 0.47 v.
1.61± 0.41 kg, P< 0.05); both male and female offspring
were equally affected by nutritional restriction. On the other
hand, there were no effects in litter size between control and
restricted sows.
At birth, a gilt representative of the mean was selected and
identified in each litter for further studies to be carried out
during the juvenile period (from weaning at 28 days of age to
adulthood at 290 days of age), but they remained with their
mothers (i.e. there was no cross-fostering). From farrowing to
weaning, all the sows were fed with the same amount (3 kg) of a
standard grain-based food diet with 15.0% of crude protein,
3.1% of fat and 3.10Mcal/kg metabolizable energy (i.e. the
restricted sows were only restricted during pregnancy).
At weaning, all the gilts were housed, isolated from boars, in
collective pens at the facilities of the INIA Animal Laboratory
Unit (Madrid, Spain), with around 7 m2 of surface per animal
(between 7 and 12 folds, depending on age, the surface indicated
by welfare regulations). During the first month after weaning, all
the piglets were fed with a standard diet with mean values of 18%
of crude protein, 4.5% of fat and 3.35Mcal/kg of metabolizable
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energy. Afterwards, from 60 to 290 days of age, all the gilts were
fed with a diet containing mean values of 15.1% of crude protein,
2.8% of fat and 3.08Mcal/kg of metabolizable energy; the
amount of food offered was re-calculated with age for fulfilling
daily maintenance requirements.
Changes in growth, corpulence, adiposity and metabolic
status were evaluated in all the gilts until they reached 290 days
of age. Concomitantly, appearance of puberty was also studied
by assessing changes in plasma progesterone concentrations.
Finally, at 290 days of age, all the females were euthanized
by the i.v. injection of a euthanasia solution (T-61; MSD
AH, Boxmeer, The Netherlands). Immediately, a sample of
longissimus dorsi was obtained at the level of the last rib for
ex vivo evaluations of amount and composition of intramuscular
fat and muscular gene expression. Samples were immediately
divided into two portions and either vacuum packaged in
individual bags and stored at −20ºC until analyzed for fat
composition or snap frozen in liquid nitrogen and, afterwards,
stored at −80ºC until analyzed for gene expression.
Evaluation of growth pattern and corpulence
Body weight and size (thoracic and abdominal circumferences,
respectively, named as TC and AC, obtained with a measuring
tape) were measured, monthly, from 28 to 290 days of age,
in all the gilts. Data from weight and body sizes were used
for determining two formulae for calculating body mass
index (BMI).
The first formula (BMI1) was extrapolated from human
clinical studies:
Weight kgð Þ=Length2 m2 
The second formula (BMI2) takes into account the trunk
volume and, thus, incorporated values of TC and AC, respec-
tively), indicative for the amount of total, visceral and sub-
cutaneous fat in swine:36–38
Weight kgð Þ
π=3 ´ Length ´ TC=2πð Þ2 + AC=2πð Þ2 + TC=2π ´AC=2πð Þ 
Evaluation of adiposity
Subcutaneous fat depth was evaluated monthly, from 60 days
of age, by ultrasonography; a SonoSite S-Series equipped with a
5–8MHz lineal array probe (SonoSite Inc., Bothell, WA, USA)
was used. The probe was placed against the skin, in a point at
the right side of the animal located at 4 cm from the midline
and transversal to the head of the last rib as determined by
palpation (Fig. 1a).
Magnetic resonance imaging (MRI) was used for assessing
subcutaneous and visceral adiposity at three selected age points
(120, 180 and 290 days of age), since MRI is highly adequate
for visualization of both subcutaneous and visceral adipose
tissue.39 The gilts were anaesthetized with isofluorane vapours
(IsoFlo; Laboratorios Esteve, Barcelona, Spain), after sedation
with xylazine (Rompun; Bayer Ag, Leverkusen, Germany)
and ketamine (Imalgène 1000; Merial, Lyon, France), for
minimizing stress and breathing movements during scans. MRI
scans were carried out at the UCM Veterinary Teaching
Hospital, by means of a Panorama 0.23T scanner with a
body/spine XL coil (Philips Medical Systems, Best, The
Netherlands). Animals were placed in lateral recumbence.
Images were obtained in the transverse plane using a T1
weighted turbo spin echo sequence, from the thoracic inlet
through the cranial margin of the ilium, and analyzed in
a dedicated workstation using the ViewForum R6.3V1L3
software package (Philips Medical Systems). Measurements of
subcutaneous fat depots were based in the maximum length
obtained tracing a line perpendicular to the kidney at the level
of the first lumbar vertebra (Fig. 1b) whilst values for visceral
depots were based on axial areas obtained at the level of the
third lumbar vertebra (Fig. 1c).
Evaluation of metabolic status
Plasma indexes of carbohydrate and lipid metabolism were
assessed monthly, from 120 to 290 days of age. Possible
changes in insulin secretion were evaluated at 120, 210 and
290 days of age, whilst plasma concentrations of leptin were
assessed at 120, 180 and 290 days of age. Blood samples
were drawn, concurrently with body measures, by jugular
venopuncture with 5 ml sterile heparin blood vacuum tubes
(VacutainerTM Systems Europe; Becton Dickinson, Meylan,
France). Immediately after recovery, the blood was centrifuged
at 1500 g for 15 min and the plasma was separated and
stored into polypropylene vials at −20ºC until assayed.
Glucose and fructosamine were measured with a clinical
chemistry analyzer (Saturno 300 Plus; Crony Instruments s.r.l.,
Rome, Italy) whilst insulin was determined with a Porcine
Insulin ELISA kit (Mercodia AB, Uppsala, Sweden). The assay
sensitivity was 0.26 IU/l; the intra-assay variation coefficient
was 3.5%. Possible changes in beta cell function and IR were
A
B
C
Fig. 1. Anatomical references for measuring subcutaneous and visceral
fat depots by ultrasonography (a) and magnetic resonance imaging (b, c).
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assessed by the homeostasis model assessment (HOMA),
using the equations HOMA-IR = (FINS× FPG)/22.5 to
assess IR40 and HOMA-β = (20× FINS)/(FPG-3.5) to assess
beta cell function;41 where FINS is the fasting plasma insulin
concentration in IU/l and FPG the fasting plasma glucose
concentration in mmol/l.
Triglycerides, total cholesterol, high-density lipoproteins
cholesterol (HDL-c) and low-density lipoproteins cholesterol
(LDL-c) were measured with the same analyzer (Saturno 300
Plus). Plasma HDL-c ratio and LDL-c ratio were calculated
by dividing HDL-c and LDL-c concentrations, respectively, by
total cholesterol; plasma LDL-c/HDL-c ratio was obtained by
dividing LDL-c levels by HDL-c concentrations.
Concentrations of leptin were determined in a single analysis
using the Multi-species Leptin RIA kit (Demeditec Diagnostics
GmbH, Kiel-Wellsee, Germany). The assay sensitivity was
1.0 ng/ml; the intra-assay variation coefficient was 3.1%.
Evaluation of reproductive status
The criterion used for determining the occurrence of puberty,
adapted from Flowers et al.,42 was an increase in plasma proges-
terone levels above 2.0 ng/ml for at least two consecutive samples
taken every 2 weeks; onset of puberty was identified with the first
of these two samples. Blood samples were obtained and pro-
cessed, every 2 weeks from 120 days of age, as previously descri-
bed. Plasma progesterone concentrations were measured in a
single analysis using an enzyme immunoassay kit (Demeditec
Diagnostics GmbH) as described by Ueshiba et al.43 and vali-
dated in sows by Gonzalez-Añover et al.;44 assay sensitivity was
0.045 ng/ml and the intra-assay variation coefficient was 5%.
Evaluation of fat composition
Samples of longissimus dorsi were lyophilized by mixture with
100ml of CH3Cl:MeOH (2:1, v/v), filtering and addition
of 0.9%NaCl solution. The resulting biphasic systemwas allowed
to separate and the upper aqueous phase was eliminated whilst the
lower phase was filtered through anhydrous sodium sulphate and
collected. Finally, solvent was evaporated with a rotary evaporator
under vacuum and further evaporated under nitrogen.45
Afterwards, the fatty acids (FA) were extracted and quanti-
fied using the one-step procedure described by Sukhija and
Palmquist46 for lyophilized samples, with pentadecanoic acid
(C15:0; Sigma, Alcobendas, Madrid, Spain) being used as the
internal standard. In brief, fat extracts were methylated in the
presence of sulphuric acid and methylated FA were identified
according to Rey et al.47 using a gas chromatograph (Model
HP6890; Hewlett Packard Co., Avondale, PA, USA) and a
30× 0.32× 0.25mm cross-linked polyethylene glycol capillary
column (Hewlett Packard Innowax). A temperature program of
170ºC to 245ºC was used. The injector and detector were
maintained at 250ºC. The carrier gas (helium) flow rate was
3 ml/min. From individual FA percentages, the saturated fatty
acids (SFA), monounsaturated fatty acids (MUFA) and poly-
unsaturated fatty acids (PUFA) proportions were calculated.
SFA is the result of C10:0+C12:0+C14:0+C15:0+
C16:0+C17:0+C18:0+C20:0. MUFA is the result of
C15:1+C16:1n-9+C17:1+C18:1n-9+C18:1n-7+C20:1.
PUFA is the result of C18:2n-6+C18:3n-3+C18:4n-
3+C20:3n-9+C20:4n-6. Finally, the desaturation index (DI)
is the ratio of MUFA to SFA.
Evaluation of muscular gene expression
From the results obtained by assessing differences in weight,
corpulence and adiposity at adulthood, three key genes with
known roles in muscular development were selected for mRNA
quantification: insulin-like growth factors 1 and 2 (IGF-1 and
IGF-2, respectively) and myostatin (MSTN).
Samples of longisimus dorsi (50–100 mg) stored at −80ºC
were used for total RNA extraction, by using RiboPure RNA
isolation kit (Ambion, Austin, TX, USA) following the manu-
facturer’s recommendations. RNA obtained was quantified
using a NanoDrop equipment (NanoDrop Technologies,
Wilmington, DE, USA) and RNA quality was assessed with
an Agilent bioanalyzer device (Agilent Technologies, Palo
Alto, CA, USA). The RNA Integrity Number values obtained
for all the tissues sampled from carcasses were in the range
8.0–9.0, thus assuring their homogeneity and high quality.
First-strand cDNA synthesis was carried out with Superscript II
(Invitrogen, Life Technologies, Paisley, UK) and random
hexamers in a total volume of 20 µl containing 1 µg of total
RNA and following the supplier’s instructions.
The expression of three selected candidate genes was quantified
by quantitative polymerase chain reaction (qPCR). Primer pairs
used for quantification were designed using Primer Select software
(DNASTAR, Madison, WI, USA) from the available GenBank
and/or Ensembl sequences, covering different exons in order to
assure the amplification of the cDNA. Sequence of primers and
amplicon lengths are indicated in Table 1. Standard PCRs on
cDNA were carried out to verify amplicon sizes. Transcript
quantification was performed using SYBR Green mix (Roche,
Basel, Switzerland) in a LightCycler480 (Roche). The qPCR
reactions were prepared in a total volume of 20 µl containing
2.5 µl of cDNA (1/20 dilution), 10 µl of SYBR Green mix and
0.15 µM of both forward and reverse primers. As negative con-
trols, mixes without cDNA were used. Cycling conditions were
95ºC for 10min, followed by 45 cycles of 95ºC (15 s) and 60ºC
(1min) where the fluorescence was acquired. Finally, a dissocia-
tion curve to test PCR specificity was generated by one cycle at
95ºC (15 s) followed by 60ºC (20 s) and ramp up to 95°C with
acquired fluorescence during the ramp to 0.01°C/s. Data
were analysed with LyghtCycler480 SW1.5 software (Roche). All
points and samples were run in triplets as technical replicates and
dissociation curves were carried out for each individual replicate.
Single peaks in the dissociation curves confirmed the specific
amplification of the genes. For each gene PCR efficiency was
estimated by standard curve calculation using four points of
cDNA serial dilutions. Values of PCR efficiency are indicated in
Table 1. Mean Cp values were transformed to quantities using
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the comparative Cp method, setting the highest relative quan-
tities for each gene to 1 (Qty = 10−ΔCp/slope) and employed
for the statistical analyses of differential expression. Data nor-
malization was carried out using the two most stable endogenous
genes out of:GAPDH, B2M, TBP and ACTB. Endogenous genes
stability measures (M) were calculated from Genorm software
(http://medgen.ugent.be/jvdesomp/genorm/). Finally, the qPCR
expression data normalization was performed using normalization
factors calculated with the Genorm software (http://medgen.
ugent.be/~jvdesomp/genorm/) from GAPDH and B2M expres-
sion values. Relative quantities were divided by the normalization
factors that were the geometric means of the two reference genes
quantities.
Statistical analyses
Data were analyzed using SPSS® 19.0 (IBM, New York, NY,
USA). Effects of maternal diet on body weight, fat content
and metabolic features were assessed by ANOVA for repeated
measures (split-plot ANOVA), whilst changes over time
were determined by Pearson correlation procedures. ANOVA,
or a Kruskall–Wallis test if a Levene’s test showed non-
homogeneous variables, were used for discerning the effect of
maternal diet on gene expression, adult phenotype, and age and
weight at the onset of puberty and relative percentages within
age and weight at puberty attainment; a Duncan post-hoc
test was performed to contrast the differences among groups.
Possible relationships among IGF-1, IGF-2 and MSTN gene
expression were assessed by Pearson correlation procedures.
Statistical analysis of results expressed as percentages was
performed after arc-sine transformation of the values for each
individual percentage. Results were expressed as the mean± S.E.M.
and statistical significance was accepted from P<0.05.
Results
Effects of maternal nutrition on growth patterns and
adiposity of the offspring
The mean birth weight was significantly lower in the gilts selected
from restricted sows than in the control group (1.29±0.42 v.
1.57±0.37 kg, P<0.005). However, at weaning (28 days of age),
the mean body weight was similar in gilts born to control and
restricted sows (7.9± 0.5 v. 8.2±0.3 kg).
Afterwards, the values for body weight, size and fatness
increased over time in all the animals (P< 0.0005; Fig. 2). There
were no significant differences in body weight between groups
from 28 to 180 days of age. However, females born to restricted
mothers showed a trend for a higher weight at 210 and 240 days
of age and differences reached statistical significance for the last
weighing at 290 days of age (P< 0.05). In the same way, the
values calculated for the trunk volume were similar in both
groups from 28 to 180 days of age, tended to be higher in the
restricted group at 210 and 240 days of age and were significant
at 290 days of age (P< 0.05). Thus, with similar changes in
weight and body size, the values obtained for BMI1 and BMI2
were similar in both groups throughout the period of study.
The assessment of subcutaneous back-fat depth by both
ultrasonography and MRI, as well as by measurement of
visceral fat content by MRI showed no significant differences
between groups throughout the period of study (Fig. 2c, 2d
and 2e). In the same way, there was no difference in the per-
centage of intramuscular fat at adulthood (13.1 ± 0.8% in
restricted females v. 12.1 ± 1.2% in control females).
Effects of maternal nutrition on metabolic features
of the offspring
Assessment of plasma leptin concentrations showed a signifi-
cant increase with age in both groups (P< 0.0005), without
significant differences between them at any sampling (Fig. 3).
Screening of changes in plasma glucose showed no signi-
ficant differences between groups and between samplings
within groups (Fig. 4). Plasma glucose levels were maintained
with a similar secretion of insulin and, thus, there were no
differences in the HOMA-IR and HOMA-β indexes. On the
other hand, the plasma concentrations of fructosamine
remained in similar values in both groups between 120 and 210
days of age (Fig. 4). However, the values were significantly
higher in the females from restricted pregnancies at 240 and
290 days of age (P< 0.05).
Analysis of parameters related to lipid metabolism (Fig. 5)
showed, overall, a lack of remarkable differences between groups.
There were higher but non-significant values of plasma triglycerides
in gilts from restricted mothers at 120 and 180 days of age. On the
other hand, triglycerides concentrations were significantly lower in
these gilts at 290 days of age (P<0.05). Assessment of total, LDL
and HDL cholesterol concentrations showed significant differences
between groups only at 150 (lower HDL-c in the restricted gilts,
P<0.05) and 180 days of age (higher total and LDL cholesterol in
the restricted group, P<0.05). Finally, there were no differences in
the LDL-c, theHDL-c or the LDL-c/HDL-c ratios throughout the
entire period of study.
Table 1. Gene selection and primer design for quantitative polymerase chain reaction gene expression quantification
Gene Forward primer 5′-3′ Reverse primer 5′-3′ Size (bp) Efficiency (%)
IGF-1 tgcggagacaggggcttttatttc ccttgggcatgtccgtgtgg 199 98
IGF-2 gccgctgctcgtgctgctcgtctt gcttgccggcctgctgaa 151 95
MSTN ccactccgggaactgattgat gttgggcctttactactttattgt 211 90
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Effects of maternal nutrition and body composition on
reproductive features of the offspring
The results found in the current study indicate a lack of dif-
ferences between groups in the age, weight and fatness at
puberty attainment (Fig. 6).
In the control group, the animals started their reproductive
activity from 210 days of age and 41 kg of weight. Mean age
and weight at puberty onset were 218.7 ± 5.2 days of age
and 53.7 ± 3.1 kg, respectively, whilst back-fat depth was
16.4 ± 8.7 mm. Females that were born to mothers restricted
during the pregnancy reached puberty from 210 days of age
and 42 kg of weight; mean age at puberty onset was 210.7 ± 3.4
days of age, mean body weight was 53.8 ± 3.5 kg and back-fat
depth was 14.4 ± 1.2 mm.
Effects of maternal nutrition on muscle gene expression
The three selected candidate genes (IGF-1, IGF-2 andMSTN)
showed similar expression in control gilts and gilts from
restricted pregnancies (Fig. 2). However, the analysis of
relationships among the expressions of three genes showed, in
the control group, significant positive correlations between
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Fig. 2. Changes over time in mean values (± S.E.M.) for body weight (a), body volume (b), subcutaneous back-fat depth as determined by
ultrasonography (c) and MRI (d ), and area of visceral fat depot measured by MRI at the level of the third lumbar vertebra (e) in gilts
descendants from females fed with a diet fulfilling 100 or only 50% of their nutritional requirements for pregnancy (white and black bars,
respectively). Asterisks denote significant differences (P< 0.05). MRI, magnetic resonance imaging.
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Fig. 3. Changes over time in mean values (ng/ml ± S.E.M.) for plasma
leptin concentrations in gilts descendants from females fed with a
diet fulfilling 100 or only 50% of their nutritional requirements for
pregnancy (white and black bars, respectively).
Postnatal lifestyle in prenatally programmed obesity 253
IGF-1 and MSTN (r = 0.732, P< 0.05) and between IGF-2
and MSTN (r = 0.743, P< 0.05) in the control group. Con-
versely, the relationship was negative in the gilts from restricted
pregnancies (IGF-1/MSTN: r=−0.882, P< 0.01; IGF-2/
MSTN: r=−0.907, P< 0.01).
Effects of maternal nutrition on muscle gene expression
There were no differences in fat composition between the dif-
ferent maternal nutritional treatments. The proportion of SFA,
MUFA and PUFA and the FA DI were similar in both groups,
in spite of a higher content in C14:0 and C14:1 in the females
from restricted pregnancies (P< 0.05).
Discussion
The results of the present study indicate that, in spite
of changes in gene expression induced by developmental
programming, the propensity for higher weight and adiposity
of gilts exposed to prenatal malnutrition may be modulated by
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respectively) in gilts descendants from females fed with a diet fulfilling 100 or only 50% of their nutritional requirements for pregnancy
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controlled food intake and opportunity of physical exercise
during infant and juvenile development.
The exposure of Iberian gilts to restrictions in maternal food
intake during their prenatal development induces changes in the
hypothalamic expression of genes, mainly in genes driving anor-
exigenic peptides.25 After birth, such epigenetic changes induce
both a higher anabolism and a higher voluntary feed intake and,
thus, propensity to enhanced growth and adiposity. The results of
the present study suggest that the function of some genes reg-
ulating postnatal muscle development (IGF-1, IGF-2 and
MSTN) may be modified as a consequence of prenatal nutritional
programming. There were no differences in the absolute values of
gene expression between groups but in the relationships between
positive (IGF-1 and IGF-2) and negative (MSTN) regulators of
growth and development of muscle mass. Previous literature48,49
have reported that the relationship among IGF-1, IGF-2 and
MSTN influences skeletal and cardiac muscle development,
with MSTN as main actor.50 Our results suggest some effects of
prenatal programming on muscle development through the reg-
ulatory factors IGF-1, IGF-2 and MSTN (previously reported in
rats).51 These changes on the expression of genes that control
muscle growth may have a prominent role in postnatal growth
patterns of IUGR offspring; however, further studies are neces-
sary for determining their role in the adult phenotype.
The gilts of the present study that were exposed to under-
nutrition during foetal development showed, in agreement
with DOHaD hypothesis and our previous data,23,25 lower
birth weight but increased postnatal growth rate for reaching a
body weight similar to control females at weaning.
Afterwards, in the current study, the patterns of growth and
fattening during the infant (fromweaning to 120 days of age) and
juvenile periods (120–210 days of age) were similar in control
gilts and gilts from restricted pregnancies. These results contrast
to the results found in our previous study,25 in which the progeny
of control and restricted sows had controlled feeding during
infant period and ad libitum access to obesogenic diets during the
juvenile period. In this case, females from restricted sows were
significantly heavier than control females both at 120 and
210 days of age (P< 0.05 and P< 0.005, respectively); at 210
days of age, females from restricted sows had a significantly higher
adiposity than control females (P< 0.01). The comparison of
both studies highlights the determinant role of postnatal envi-
ronment in the development of juvenile obesity, as previously
described in Iberian females that were not exposed to prenatal
programming.22 At the same time, in agreement with DOHaD
hypothesis, the combined results of our experiments confirm that
a strong inconsistency between pre- and postnatal nutritional
levels (scarcity v. abundance) led to alterations in the growth of
the offspring; stability between pre- and postnatal conditions
fulfils the protective (adaptive) purpose of prenatal programming
and, hence, prevents appearance of phenotypic changes. Thus,
we can conclude that adequate nutritional levels during juvenile
development may modulate the effects of maternal malnutrition
during prenatal development.
However, there is an even more outstanding finding when
comparing both experiments. The amount and composition of
the diet offered from weaning to 120 days of age was exactly the
same in our previous and current studies; the single difference
was the space allowance per animal (7 m2 in the current
experiment and 3 m2 in the previous trial). Thus, our results
indicate a significant influence of exercise on the anabolic trends
of young individuals with controlled food intake, in agreement
with previous experimental studies52,53 and supports the develop-
ment of appropriate exercise recommendations specific to this
particular population.54,55
The lack of significant differences between groups in the
patterns of growth and fatness during juvenile development
was concomitant with a lack of differences in the timing of
puberty attainment. These results are contradictory to previous
reports in women with IUGR and low birth weight, who had a
reduced age of pubertal onset and menarche.56–59 However, it
is controversial whether such advanced menarche is a direct
consequence of prenatal malnutrition or an indirect conse-
quence through the postnatal occurrence of obesity by catch-up
growth.60 Supports for the later hypothesis are based in the fact
that menarche occurs earlier in obese girls, independently of
prenatal origin.27–29 Our current results reinforce argument in
favour of a prominent causative role of juvenile obesity, since
there were no differences in puberty onset between non-obese
gilts from normal and restricted sows. Moreover, in a previous
study comparing females with the same prenatal origin but
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Fig. 6. Cumulative percentage of animals attaining puberty, overweight
(upper panel) and age (lower panel), in gilts descendants from females
fed with a diet fulfilling 100 or only 50% of their nutritional
requirements for pregnancy (white and black bars, respectively).
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differential postnatal feeding,22 gilts eating obesogenic diets
showed a higher fattening and, thus, a significant earlier puberty
onset. Thus, the present study supports that adequate diet and
exercise may be preventive strategies for precocious menarche.59
After reaching puberty and adulthood, females born in the
current study to restricted sows showed a trend for a higher
weight and corpulence, which was statistically significant at
adulthood. However, such increases in weight and corpulence
were not accompanied by increases in adiposity. Hence,
although it is not possible to assure it in the conditions of the
present study, it is possible to hypothesize that differences may
be related to differences in muscle development, as suggested
by the previously cited differences in the relationships among
IGF-1, IGF-2 and MSTN expression.
In summary, there were no differences in adiposity or in
BMI between offspring from control and restricted pregnancies
with controlled postnatal food intake and opportunity of
physical exercise, either at adulthood or at younger stages.
Moreover, there were no differences in their metabolic features.
Preliminary unpublished studies of our group on the metabolic
features of female Iberian piglets born to restricted sows and
exposed to obesogenic diets during juvenile development
indicate, as early as at 180 days of age, a higher adiposity and
the existence of impairments of glucose regulation, with
increased insulin secretion for maintaining adequate plasma
glucose concentrations, in a similar way to humans.61,62 In this
way, the combination of previous and current data confirms
that chronic consumption of high-fat diets results in rapid
weight gain, decreased insulin sensitivity and impaired glucose
homeostasis. On the other hand, our results support current
hypothesis addressing that controlled food intake and exercise
would prevent appearance of IR and other components of
the metabolic syndrome (obesity, elevated fasting glucose and
triglyceride levels, and dyslipidaemia).63
Finally, the analysis of fat composition at adulthood in the
present study showed that females born to restricted pregnan-
cies had a higher content in C14:0 and C14:1 than control
females. However, the DI was similar in both groups. This
index indicates the ratio between the substrate (e.g. C14:0) and
the product (e.g. C14:1) of the activity of FA desaturases
that catalyses the conversion of SFA to MUFA. The determina-
tion of the DI is currently being studied as a potential
biomarker of metabolic risk,64–66 since it is increased in obesity
and associated metabolic disorders.65–69 In this sense, in the
preliminary study cited above, overfed pigs from restricted
pregnancies showed a higher DI than control individuals.
Overall, these results are giving further evidence on the positive
effects of adequate food intake and exercise on growth, adipo-
sity and metabolism.
In conclusion, the results of the present study indicate that
the effects of prenatal programming by maternal food restric-
tion on gene expression and postnatal patterns of growth
and fattening of the offspring may be modulated by controlled
food intake and opportunity of physical exercise during infant
and juvenile development. Hence, our trial endorses, with
experimental evidences, the current recommendations for
avoiding childhood overweight and obesity. At the same time,
our results encourage the necessity of further research on
longitudinal assessments of changes over time in weight and
adiposity of offspring from different maternal origins and
postnatal environments.
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Abstract
Maternal energy restriction during pregnancy predisposes to metabolic alterations in the offspring. The present study was designed to evaluate
phenotypic and metabolic consequences following maternal undernutrition in an obese pig model and to define the potential role of hypo-
thalamic gene expression in programming effects. Iberian sows were fed a control or a 50 % restricted diet for the last two-thirds of gestation.
Newborns were assessed for body and organ weights, hormonal and metabolic status, and hypothalamic expression of genes implicated in
energy homeostasis, glucocorticoid function and methylation. Weight and adiposity were measured in adult littermates. Newborns of the
restricted sows were lighter (P , 0·01), but brain growth was spared. The plasma concentration of TAG was lower in the restricted newborns
than in the control newborns of both the sexes (P , 0·01), while the concentration of cortisol was higher in females born to the restricted sows
(P , 0·04), reflecting a situation of metabolic stress by nutrient insufficiency. A lower hypothalamic expression of anorexigenic peptides (LEPR
and POMC, P , 0·01 and P , 0·04, respectively) was observed in females born to the restricted sows, but no effect was observed in the males.
The expression of HSD11B1 gene was down-regulated in the restricted animals (P , 0·05), suggesting an adaptive mechanism for reducing
the harmful effects of elevated concentrations of cortisol. At 4 and 7 months of age, the restricted females were heavier and fatter than the
controls (P,0·01). Maternal feed restriction induces asymmetrical growth retardation and metabolic alterations in the offspring. Differences
in gene expression at birth and higher growth and adiposity in adulthood suggest a female-specific programming effect for a positive energy
balance, possibly due to overexposure to endogenous stress-induced glucocorticoids.
Key words: Prenatal programming: Energy balance: Fatness and obesity: Hypothalamic gene expression
The obesity epidemic is becoming one of the most important
public health problems in many parts of the world, as it is
associated with an increased risk of multiple chronic diseases,
including several of the major causes of death and disability in
the developed world (diabetes, CVD, stroke, hypertension and
certain cancers). A recent study has estimated a 30 % increase
in the prevalence of obesity and a 130 % increase in the preva-
lence of severe obesity over the next two decades(1).
The aetiology of obesity is complex as it is a multifactorial
condition in which genetic, environmental and interaction
factors are involved(2–4). Among the environmental signals,
nutritional status is known to have a profound impact on the
development of obesity, not only during the development of
the obese phenotype but also at earlier stages. In fact, it has
been hypothesised that a deficient nutritional environment
during the critical period of perinatal development programmes
whole-body energy homeostasis for optimal survival under
nutritionally deficient conditions(5–7). When prenatal adap-
tations are mismatched with the environment that the individual
confronts later in life, they may lead to metabolic alterations(8).
This process is known as ‘prenatal/fetal programming’ or
‘developmental origins of health and disease’(9). Epigenetic
processes are known to be involved in the mechanisms
responsible for the programming of body weight (BW) homeo-
stasis(10,11), in agreement with the thrifty epigenotype theory,
which states that DNA sequence polymorphisms may play
*Corresponding author: C. O´vilo, fax þ34 913478743, email ovilo@inia.es
Abbreviations: BW, body weight; LEPR, leptin receptor; POMC, pro-opiomelanocortin.
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a minor role in the aetiology of obesity and type 2 diabetes and,
instead, disease susceptibility could be predominantly deter-
mined by epigenetic variations(12). Evidence points to appetite
and energy homeostasis pathways as the main targets of pro-
gramming processes. Interventional studies in animals, mainly
carried out with murine models, have shown that under-
nutrition during perinatal development results in hyperphagic
offspring(13,14), predisposes to obesity and metabolic disorders
later in life(15,16), and leads to alterations in the hypothalamic
mRNA levels of several neuropeptides involved in appetite
and metabolism regulation(17,18).
Although considerable work has been carried out with lab-
oratory animal models, the extrapolation of the results
obtained from them to humans is challenged by marked
differences in energy partitioning, allometry and metabolic
rate, and thus large animal models such as sheep and pigs
are needed(19,20). Pig is a commonly used biomedical model
for some diseases including the metabolic syndrome or obes-
ity, because, in spite of being a litter-bearing species, it has
many feeding, physiological, metabolic and behavioural simi-
larities with human beings(21). The availability of pig breeds
with a high fat deposition trend and obese phenotype (fatty
pigs) is a further advantage for the choice of adequate
animal model resources. Among the fatty pigs, the Iberian
breed has recently been shown to be a robust, amenable
and reliable translational model for studies on obesity(22,23).
A recent work carried out by our group has shown the effects
of undernutrition in pregnant Iberian dams on their metabolic
status and on the prenatal and early postnatal development of
their offspring(24). In this work, maternal nutritional restriction
during the last two-thirds of gestation influenced offspring
prenatal and postnatal growth and resulted in a sex-specific
differential effect on early postnatal catch-up growth. Females
born to diet-restricted mothers show the greatest potential for
growth from birth to weaning.
The primary objective of the present study was to assess the
effect of maternal energy restriction on fetal programming by
using a large animal model with genetic predisposition for
obesity and taking into account the influence of offspring
sex on programming effects. For the accomplishment of
such an objective, we analysed the consequences of undernu-
trition in Iberian sows during mid-late gestation on the body
and organ development, metabolic state and hypothalamic
transcriptional adaptations of the newborns in relation to the
regulation of energy homeostasis, glucocorticoid metabolism
and methylation. Moreover, long-lasting phenotypic effects
of prenatal malnutrition were evaluated by measuring off-
spring growth and adiposity after weaning and in adulthood.
Materials and methods
Animals and experimental procedures
The present study was carried out at the facilities of the CIA
Deheson del Encinar (Toledo, Spain), under a Project License
from the INIA (Spanish National Research Institute for Agricul-
tural and Food Technology) Scientific Ethic Committee.
Animal manipulations were carried out according to the
Spanish Policy for Animal Protection RD1201/05, which
meets the European Union Directive 86/609 on the protection
of animals used in experimentation.
The study included eighty-six experimental units: forty-one
newborns, nine stillborns and thirty-six adult pigs born to
twenty Iberian multiparous (two to four parities) sows from
the herd of the Torbiscal strain, subjected to two different dietary
treatments during the last two-thirds of gestation. The Torbis-
cal strain is one of the main Iberian pig strains belonging to an
early conservation programme established in 1945 at ‘El Dehe-
so´n del Encinar’ (Oropesa, Toledo, Spain). It is a closed herd
of Iberian pigs with complete genealogy available back to
1945. The twenty sows employed to generate the experimen-
tal animals were selected after the diagnosis of pregnancy on
day 35 and assigned to one of two experimental groups (n 10)
following simple randomisation procedures (computerised
random numbers). After randomisation, a similar distribution
of sows according to age, number of previous deliveries and
BW was confirmed in the groups. From day 35 to delivery,
the sows were housed in individual pens of 5·5 m2 and fed
a standard grain-based diet fulfilling either their daily
maintenance requirements for pregnancy (control group,
n 10)(25) or only 50 % of such quantity (restricted group, n
10). The mean values of the diet were 89·8 % of DM, 15·1 %
of crude protein, 2·8 % of fat and 12·89 MJ metabolisable
energy/kg (3·08 Mcal metabolisable energy/kg). The animals
were fed twice a day (in the morning and in the afternoon)
and given ad libitum access to water.
At farrowing, two piglets (one male and one female when
possible) from each sow were randomly selected for killing,
taking measurements and tissue sampling for gene expression
studies (n 41; nine females and twelve males born to the con-
trol sows; nine females and eleven males born to the restricted
sows). The representativeness of the sampling procedure car-
ried out was checked afterwards by comparing the BW means
of the samples v. the whole litters corresponding to both the
groups; no bias was detected. Moreover, all the stillborns
that had died in the first 24 h of life (three from the control
group and six from the restricted group) were also measured,
but not sampled. In total, fifty piglets were studied at
neonatal stage (nine females and fifteen males born to the
control sows; twelve females and fourteen males born to the
restricted sows).
The established sample size of about ten animals per
treatment £ sex group was similar to that employed in pre-
vious gene expression studies following maternal dietary
interventions in rats(17,18) and was estimated to have a
power of 80 % for detecting 1·5-fold differences in gene
expression (SD 0·4) with a two-sided 0·05 significance level
test (http://www.stat.ubc.ca/,rollin/stats/ssize/n2.html).
Finally, another two piglets (one male and one female when
possible) from each sow in each group (control and restricted)
were randomly selected after weaning (28 d of age) for asses-
sing possible differences in growth and adiposity after wean-
ing and at maturity (from 28 to 210 d of age). Thus, a total
of thirty-six littermates (ten males and eight females in each
group) were moved to collective pens at the facilities of the
INIA Animal Laboratory Unit (Madrid, Spain). The piglets
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were housed in a naturally ventilated barn with a space
allowance of 3 m2/pig. The experiment began when the pig-
lets were 28 d of age. The piglets were housed grouped by
sex and maternal treatment (four groups) and fed a standard
grain-based diet fulfilling their daily maintenance require-
ments from weaning to 4 months of age(25). Each barn was
provided with ten individual troughs to allow all the animals
in each pen to eat at the same time. The ingredients and prox-
imate composition of the diets are given in Table 1. During the
period of 28–120 d of age, the availability of feed was
restricted to a previously calculated feeding programme corre-
sponding approximately to 110 g/kg live weight0·75. All the
pigs were given the same amount of feed, which was split
into two meals (at 09.00 and 18.00 hours). Mean feed intake
throughout this period was 0·97 kg/d. From 120 to 210 d of
age, the pigs had ad libitum access to an obesogenic diet
with a composition similar to the one described previously,
but enriched with fat (63·3 g/kg per d) and with 10·7 MJ net
energy/kg (Table 1) for allowing the expression of obesity.
Individual BW at 28, 120 and 210 d of age and batch feed
intake in the ad libitum feeding period were recorded.
Average daily weight gain was calculated during two periods:
from 28 (weaning) to 120 d of age (restricted feeding) and
from 120 to 210 d of age (ad libitum feeding). Back-fat thick-
ness (ultrasonically determined at the level of the head of the
last right rib) was measured at 7 months of age. Throughout
the experiment, the pigs had ad libitum access to water.
Evaluation of the metabolic status of the newborns
Blood samplesweredrawn from the forty-one selectednewborns
by puncture of vena cava cranialis and collected in 5ml sterile
heparin blood vacuum tubes (Vacutainere Systems Europe).
Immediately after recovery, blood was centrifuged at 1500g for
15min, and plasma was separated and stored in polypropylene
vials at 2208C until assayed for the determination of the par-
ameters of carbohydrate, protein and lipid metabolism and the
concentrations of insulin, leptin, cortisol and corticosterone.
The concentrations of glucose, fructosamine, urea, TAG, total
cholesterol, HDL-cholesterol and LDL-cholesterol were
measured by means of a clinical chemistry analyser (Screen
Point, Hospitex Diagnostics). The concentration of insulin was
measured using a Porcine Insulin ELISA kit (Mercodia AB). The
sensitivity of the assay was 0·26UI/l (0·01 ng/ml); the intra-
assay CV was 3·5%. The concentration of leptin was determined
in a single analysis using the Multi-species Leptin RIA kit
(Demeditec Diagnostics GmbH). The sensitivity of the assay
was 1·0 ng/ml; the intra-assay CV was 3·1%. The plasma concen-
trations of cortisol and corticosterone were measured in a single
analysis using ELISA kits (Demeditec Diagnostics GmbH). The
sensitivities of the assays were 2·5 ng/ml and 1·6 nmol/l for
cortisol and corticosterone, respectively; the intra-assay CV
were 3·2 % for cortisol and 4·1% for corticosterone.
Evaluation of the body, carcass and organ weights
of the piglets
All the piglets born alive were weighed and measured at
birth(24). For killing the forty-one live piglets, 2 ml of T-61
(MSD AH) were used. For all the stillborn and killed piglets
(n 50), eviscerated carcasses and total viscera were weighed
separately. Then, the individual weights of the brain, heart,
liver, intestine, kidneys, loin (longissimus dorsi) and tender-
loin (psoas major) were recorded.
For each piglet, the ratios of each organ weight:total BW
were calculated.
Analysis of gene expression
At slaughter, the mediobasal hypothalamic region was dissected,
snap-frozen in liquid N2 and stored at 2808C until mRNA
expression studies. Hypothalamic tissue samples were used to
obtain total RNA using the RiboPureTM RNA isolation kit
(Ambion) following the manufacturer’s recommendations. The
RNA that was obtained was quantified using the NanoDrop
equipment (NanoDrop Technologies), and the quality of the
RNA was assessed using an Agilent bioanalyser device (Agilent
Technologies). The values of RNA integrity numbers obtained
were in the range 8·0–9·0, thus assuring the homogeneity and
high quality of the samples. First-strand complementary DNA
synthesis was carried out using Superscript II (Invitrogen, Life
Technologies) and random hexamers in a total volume of 20ml
containing 1mg of total RNA following the supplier’s
instructions. Quantitative PCR was carried out for twenty candi-
date genes. Primers for amplification were designed from the
available GENBANK and/or ENSEMBL sequences, covering
different exons to ensure the amplification of the cDNA.
Primer sequences and amplicon lengths are given in Table 2.
Standard PCR for cDNA were carried out to verify amplicon
sizes. The quantification of transcripts was done using SYBR
Green Mix (Roche) in a LightCycler480 (Roche). Quantitative
PCR mixtures were prepared in a total volume of 20ml contain-
ing 2·5ml of cDNA (1/20 dilution), 10ml of SYBR Green Mix and
0·15mM of both forward and reverse primers. As negative con-
trols, mixes without cDNA were used. Cycling conditions were
958C for 10min, followed by forty-five cycles of 958C (15 s)
and 608C (1min) where the fluorescence was acquired. Finally,
to test the specificity of the PCR, a dissociation curve was
Table 1. Ingredients and proximate composition of the diets provided
during the growing period
28–120 d 120–210 d
Ingredients (g/kg wet weight)
Maize 301·3
Barley 643·4 227·0
Wheat 200·0 250·0
Soyabean meal-44 123·0 157·0
Lard 12·0 42·0
NaCl 4·0 4·0
Dicalcium phosphate 5·0 6·0
Calcium carbonate 8·0 7·0
Premix 3·0 3·0
Lys supplement 1·6 2·5
Thr supplement 0·2
Proximate composition (per kg wet weight)
Net energy (MJ) 9·61 10·67
Crude protein (g) 150 151
Crude fat (g) 28·4 63·3
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Table 2. Gene selection and primer design for RT-quantitative PCR
Genes Symbol Forward primer 50 –30 Reverse primer 50 –30 Size (bp)
Genes related to feeding behaviour and energy balance
Leptin receptor (long isoform) LEPR GAAAAACACCGGAATGATGC AAAAGAAGAGGGCCAAATGTC 239
Insulin receptor INSR GGCCCTGTGACCCATGAAATCTT TGGCCCGAACTCGAACGCTGTAAT 220
Pro-opiomelanocortin POMC CCGAGATTGTGCGGCAGTCG GCCGGGAAACACGGGCGTCTCC 186
Cocaine and amphetamine-related transcript CART AGCCGCGAGCCCTGGACATCTACT AGGGACTTGGCCATACTTCTTCTC 140
Signal transducer and activator of transcription 3 STAT3 AGTTTCTGGCCCCTTGGATTGAG GCTTGATTCTTCGCAGGTTGTG 168
Melanocortin receptor 4 MC4R ACGGTGTCGGGTGTTTTGTTC CCCCTTCATGTTGGCACCTT 198
Neuropeptide Y NPY CGTACCCCTCCAAGCCCGACAAC AACATTTTCCGTGCCTTCTCT 176
Agouti-related protein AGRP AGCCCCCACTGAAGAGGAC TTGAAGAAACGGCAGTAGCAT 205
Galanin GAL CCCTCCTGCTGGCCTCCCTACTCC CCTCCCGGCCTGGCTTCGTCTT 211
Hypocretin (orexin) neuropeptide precursor HCRT CTGACACCATGAATCCTCCTTTTG CGTGATTGCCAGCGCCGTGTAG 186
Fat mass and obesity associated FTO CTGACCCCCAAAGATGATGAAT CAGCCGGGGTTACCAATGAGGA 221
Suppressor of cytokine signalling 3 SOCS3 CCCGCGGGCACCTTCCT GCACCAGCTTGAGCACGCAGTC 157
Genes related to glucocorticoid function and metabolism
Glucocorticoid receptor GR GCGGGCGGCAGGTGATTG TGCAGGGTAAAGCCATTCTCT 216
11b-Hydroxysteroid dehydrogenase 1 HSD11B1 CGGGAGCATCGTGGTGGTCT CTGTCATGGCCGTGTCTGTGTCTA 191
11b-Hydroxysteroid dehydrogenase 2 HSD11B2 CCCGCTGGCCGCACTTGTCGT GGGCACCAGGGCTATCCA 206
Corticotropin-releasing hormone CRH ACAGTGGGGACAGAAAGGAGAAGC ACAGGACGCCCGCGGACACAAG 157
Thyrotropin-releasing hormone TRH GAGAGGACCAGGGCGATAGTGA GGTGCTGCCGTTTGTGGGGTTCC 159
Genes related to DNA methylation
DNA methyl transferase 1 DNMT1 GTGAGGACCGCAGAGTGGAAATG GGCCCCTTGTGAAATGAGATGTGA 183
DNA methyl transferase 3A DNMT3A CCGGGTGCTGTCTCTATTTGATGG CTCCTGGATATGCTTCTGCGTGAC 190
DNA methyl transferase 3B DNMT3B CCTGCCAGCCCCTACCTCACCAT CACAAGATCCCCTATTCCAAACTC 195
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generated through one cycle at 958C (15 s) followed by 608C
(20 s) and ramp up to 958C with the acquired fluorescence
during the ramp to 0·018C/s. Data were analysed using the Light-
Cycler480 SW1.5 software (Roche). All points and samples were
run in triplets as technical replicates and dissociation curves were
constructed for each individual replicate. Single peaks in the
dissociation curves confirmed the specific amplification of the
genes. For each gene, the efficiency of the PCR was estimated by
standard curve calculation using four points of cDNA serial
dilutions. Mean Cp values were transformed to quantities
using the comparative Cp method, setting the highest relative
quantities for each gene to 1 (quantity ¼ 102DCp=slope). The
normalisation of quantitative PCR expression data was carried
out using normalisation factors calculated with the Genorm
software (http://medgen.ugent.be/, jvdesomp/genorm/) from
the expression values of glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) and beta-2-microglobulin (B2M). Relative
quantities were divided by the normalisation factors, which were
the geometric means of the quantities of the two reference genes.
Statistical analyses
For the analysis of metabolic, weight and gene expression
data, we used independent linear mixed models for each
trait. The analyses were carried out using the SAS software
(version 9.1, 2008, SAS Institute, Inc.). The model included
the effects of treatment, sex and their interaction as fixed
effects and a random litter effect accounting for the correlation
among the records of full-sibs. Where significant, birth weight
and the time elapsed since the deliveries to the tissue sampling
were fitted as covariates in the gene expression data analyses.
Significant differences were established using Tukey–Kramer
honestly significant difference post hoc contrasts and were
assumed to be statistically significant for P#0·05.
Results
Body, carcass and organ weights of the newborns
and stillborns
No differences were observed in the number of piglets
born alive. Similarly, neonatal mortality was not significantly
different between the groups (six stillborn piglets of the
seventy-six born in the restricted group v. three of the
eighty-three in the control group, P¼0·28). Body, carcass
and organ weights were recorded for fifty animals, and the
ratios of each organ weight:total BW were calculated (Table 3).
There was a significant effect of group (P , 0·01) and sex
(P , 0·01) on BW and carcass weight at birth. The animals
born to the restricted sows were lighter than their control
counterparts, and females were lighter than the males.
The ratios of organ weight:BW were similar for both the
groups (Table 3), except for the brain weight:BW ratio,
which was significantly higher in the restricted group
(P,0·01). In fact, the absolute brain weight was similar
between both the control and restricted animals (33·9
(SEM 0·5) v. 34·1 (SEM 0·5) g, respectively, P¼0·85), in spite
of greater differences being observed in BW. The effect of
sex was only significant for the tenderloin weight:BW ratio,
which was higher in males than in the females (P , 0·01).
No significant interaction (treatment £ sex) effect was found
either on the total weights or on the weight ratios.
Metabolic status of the newborns
The metabolic status of the newborns was assessed by the
determination of the concentrations of leptin, insulin, cortisol
and corticosterone and the parameters of carbohydrate, pro-
tein and lipid metabolism in the serum samples. The effect
of maternal nutritional treatment and the treatment £ sex
interaction on the biochemical and hormonal status of the
newborns is summarised in Table 4.
No significant effect of dietary treatment was found for the
concentrations of glucose, fructosamine and cholesterol. A
significant difference between the groups was found for the
concentration of TAG, which was 40 % lower in the restricted
group (P , 0·01). The concentration of urea was also slightly
lower in the restricted animals, with a difference close to stat-
istical significance being observed (P , 0·07).
No significant effect was observed for the serum concen-
trations of leptin and insulin. The serum concentration of cortisol
was significantly affected by the treatment, in a sex-dependent
manner (P , 0·04 for the interaction effect). Females born to
Table 3. Effects of maternal feed restriction during gestation and piglet sex on body and carcass weights (g) and on the ratios (g/kg) of each
organ weight:body weight (BW) at birth
(Mean values with their standard errors)
Maternal diet groups Sex
Control (n 24) Restricted (n 26) Male (n 29) Female (n 21)
Mean SEM Mean SEM P Mean SEM Mean SEM P
BW 1410·30 57·09 1205·09 55·50 0·010 1405·49 48·91 1209·89 56·77 0·007
Carcass weight 1128·33 42·36 964·94 41·02 0·011 1127·79 36·61 965·48 42·66 0·003
Brain weight:BW 24·57 1·49 30·45 1·44 0·010 25·92 1·29 29·09 1·51 0·102
Heart weight:BW 10·06 0·45 9·72 0·42 0·594 9·68 0·41 10·10 0·49 0·532
Intestine weight:BW 73·42 3·00 68·44 2·96 0·250 70·74 2·44 71·12 2·76 0·900
Liver weight:BW 36·71 2·24 40·56 2·23 0·239 39·60 1·74 37·67 1·90 0·291
Kidney weight:BW 8·63 0·27 8·79 0·26 0·680 8·51 0·24 8·91 0·28 0·279
Loin weight:BW 16·36 0·70 15·86 0·68 0·616 16·68 0·60 15·54 0·70 0·194
Tenderloin weight:BW 3·99 0·17 3·80 0·17 0·436 4·13 0·14 3·66 0·16 0·019
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the restricted sows exhibited the highest concentration of corti-
sol, while those born to the control sows exhibited the lowest
concentration (Table 4). The concentrations of corticosterone
were not significantly different between the restricted newborns
and the control ones. No significant effect of sex was detected for
any of these variables.
Hypothalamic gene expression in the newborns
Based on their putative involvement in prenatal programming
processes (Table 2), twenty candidate genes were selected.
Most of them were successfully amplified and quantified in
the hypothalamic tissue samples of the piglets. Only three
genes, 11b-hydroxysteroid dehydrogenase 2 (HSD11B2),
suppressor of cytokine signalling 3 (SOCS3) and DNA
methyl transferase 3B (DNMT3B), were not studied due to
very low or absent amplification, indicating a low or null
expression level.
Results are presented by grouping the genes with common
biological functions (Fig. 1). For the candidate genes involved
in the control of feed intake, a different response was
observed for those genes involved in the transmission of the
leptin anorexigenic signal (leptin receptor (LEPR) long iso-
form, insulin receptor (INSR), pro-opiomelanocortin (POMC),
cocaine and amphetamine-related transcript (CART), signal
transducer and activator of transcription 3 (STAT3) and mela-
nocortin receptor 4 (MC4R)) or for the orexigenic genes
with an opposite function (neuropeptide Y (NPY), agouti-
related protein (AGRP), galanin (GAL), hypocretin (orexin)
neuropeptide precursor (HCRT) and fat mass and obesity
associated (FTO)).
The analysis of anorexigenic peptides indicated a
statistically significant transcriptional response to maternal
undernutrition for LEPR and POMC genes (P , 0·02 and
P , 0·003, respectively, for the treatment effect). The
restricted animals exhibited a lower expression of both the
genes. Moreover, a significant interaction effect (treatment £
sex) was observed for these two genes, with restricted females
exhibiting a lower expression than the other groups
(Fig. 1(A)). This lower expression in restricted females was
statistically significant for LEPR and POMC (P , 0·01 and
P , 0·04, respectively, for the interaction effect) and sugges-
tive for MC4R (P , 0·06 for the interaction effect).
On the other hand, the analysis of possible differences in
the gene expression of orexigenic peptides indicated that
the differences were not statistically significant (Fig. 1(B)).
For the genes involved in glucocorticoid function and stress
(glucocorticoid receptor (GR), 11b-hydroxysteroid dehydro-
genase 1 (HSD11B1), corticotropin-releasing hormone (CRH)
and thyrotropin-releasing hormone (TRH)) a significant
effect of treatment was observed for the expression of
HSD11B1 (P , 0·05), with restricted animals exhibiting a
lower gene expression than the control ones (Fig. 1(C)).
This effect seemed to be not affected by sex.
For the two analysed genes related to DNA methylation
(DNA methyl transferase 1 (DNMT1) and DNA methyl transfer-
ase 3A (DNMT3A)), differences in expression observed were
not statistically significant (Fig. 1(D)).T
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Body weight, weight gain and adiposity after weaning
and in adulthood
BW measures were obtained from thirty-six descendants at
weaning (28 d) and 120 and 210 d of age. Back-fat thickness
was also recorded at 210 d of age, at the end of the trial.
The records at 120 d of age coincide with the moment at
which the diet was changed from a restricted to an ad libitum
one, and thus these data allowed us to study the weight gain
in the two feeding periods separately.
We did not detect any significant effect of maternal treat-
ment or piglet sex on any of the post-weaning growth
measures. Nevertheless, significant interaction effects
(treatment £ sex) were observed for BW at 120 and 210 d of
age, for back-fat thickness at 210 d of age and for average
daily weight gain in both the periods (Table 5). We did not
detect significant differences in the weight of the four
groups at 28 d of age in spite of greater differences being
detected at birth. Based on the present results, it can be con-
cluded that the restricted female group exhibited a higher
growth rate than the control ones before and after weaning,
resulting in higher BW, back-fat thickness and average daily
weight gain values at 120 and 210 d of age, showing in general
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Fig. 1. Relative gene expression, measured by quantitative PCR, in the hypothalamus of the newborns according to piglet sex and maternal feed restriction during
gestation: control females ( , n 9); control males ( , n 12); restricted females ( , n 9); restricted males ( , n 11). Results correspond to the selected candidate
genes with (A) an anorexigenic role (LEPR, leptin receptor; INSR, insulin receptor; POMC, pro-opiomelanocortin; CART, cocaine and amphetamine-related
transcript; STAT3, signal transducer and activator of transcription 3; MC4R, melanocortin receptor 4), (B) an orexigenic role (NPY, neuropeptide Y; AGRP, agouti-
related protein; GAL, galanin; HCRT, hypocretin (orexin) neuropeptide precursor; FTO, fat mass and obesity associated), (C) a role related to glucocorticoid
activity (GR, glucocorticoid receptor; HSD11B1, 11b-hydroxysteroid dehydrogenase 1; CRH, corticotropin-releasing hormone; TRH, thyrotropin-releasing
hormone) and (D) a role related to DNA methylation (DNMT1, DNA methyl transferase 1; DNMT3A, DNA methyl transferase 3A). Values are means, with their
standard errors represented by vertical bars. a,b Mean values with unlike letters were significantly different (P , 0·05 for the interaction effect).
Table 5. Effects of the interaction of maternal undernutrition during gestation and piglet sex on post-weaning growth
(Mean values with their standard errors)
Treatment £ sex interaction
CF (n 8) CM (n 10) RF (n 8) RM (n 10)
Mean SEM Mean SEM Mean SEM Mean SEM P
Body weight at 28 d (kg) 8·21 0·54 8·92 0·45 8·28 0·54 7·80 0·45 0·244
Body weight at 120 d (kg) 28·21 1·53 31·75 1·28 32·21 1·53 29·10 1·28 0·025
Body weight at 210 d (kg) 64·78a 2·67 73·15b 2·23 74·21b 2·67 66·5a 2·23 0·002
Back-fat thickness at 210 d (cm) 1·71a 0·11 2·17b 0·09 2·14b 0·11 1·97a,b 0·09 0·006
Average daily weight gain from 28 to 120 d (kg/d) 0·22a 0·01 0·25a,b 0·01 0·26b 0·01 0·23a,b 0·01 0·021
Average daily weight gain from 120 to 210 d (kg/d) 0·41a 0·02 0·46b 0·02 0·47b 0·02 0·41a 0·02 0·017
CF, control females; CM, control males; RF, restricted females; RM, restricted males.
a,b Mean values within a row with unlike superscript letters were significantly different (P,0·05).
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similar values compared with the control males. The differ-
ence in weight gain in the restricted females with respect to
their control counterparts was similar during both the ana-
lysed periods (18 % during the restricted period and 14 %
during the ad libitum period). During the ad libitum period,
the values of mean feed intake were 3·2, 2·8, 3·6 and 2·8 kg/
d for the control females, control males, restricted females
and restricted males, respectively, which were within the
normal range of values for feed intake for this breed. These
feed intake values were calculated from batch data of each
group, thus preventing their statistical analyses.
In adulthood (7 months of age), females born to the
restricted sows were the heaviest, followed by the control
males, restricted males and control females (P,0·002 for the
interaction effect). The restricted females and control males
had very similar values for back-fat thickness, followed by
the restricted males and control females (P,0·006 for the
interaction effect). Adult females born to the restricted sows
weighed 14 % more and had 25 % more back-fat thickness
than their female control counterparts (P,0·01 for both
traits). In contrast, adult males born to the restricted sows
were lighter (P,0·04) than those born to the control ones,
and the difference in back-fat thickness between both the
male groups lacked statistical significance.
Discussion
Nutritional restriction during gestation predisposes to metabolic
alterations in the offspring. Although the underlying
mechanisms are not well understood, there is evidence of
fetal compensatory adjustments, associated with metabolic
and endocrine functions, playing a major role. The knowledge
of molecular and cellular adaptations is critical to understand
normal and abnormal development and physiology. We have
previously shown the effects of undernutrition during preg-
nancy on the prenatal and early postnatal development of the
offspring in sows with obesity/leptin resistance(24). In the pre-
sent study, our goal was to test and examine the processes of
prenatal programming in this robust large animal model, by
studying the morphometry of the newborns of feed-restricted
sows in mid-late gestation, their metabolic state and their
hypothalamic gene expression patterns for key genes.
Body and organ weights and symmetry of the newborns
The present results indicate that birth BW was significantly
affected by both the maternal diet and the offspring sex,
with predictable results: restricted newborns were smaller
than the control ones and females were smaller than the
males(7). Moreover, in the present study, the brain weight:BW
ratio was significantly higher in the restricted newborns than
in the control newborns. In fact, brain weight was similar in
both the groups, in spite of greater BW differences being
observed. This indicates that the effect of undernutrition was
not proportional among all the body parts of the newborns,
with the growth of the brain being less compromised. This
asymmetrical growth restriction is known as the ‘brain-sparing
effect’(26,27) and seems to be characterised by a redistribution
of the fetus cardiac output and preservation of blood flow to
the carotid vessels in the uterus(28,29), thus sparing the devel-
opment of key organs at the expense of other organs. The
‘brain-sparing effect’ is known to be primarily caused by
poor maternal nutrition, especially when the insult on fetal
growth occurs late in the pregnancy, when the fetus becomes
more nutritionally demanding, in accordance with the
present experiment and results. The detailed morphometric
study carried out in the present experiment confirms this
asymmetric growth.
Metabolic profiling: hormones and parameters of
carbohydrate, protein and lipid metabolism
The metabolic profiling of the piglets indicated some
alterations induced by maternal undernutrition. A lower con-
centration of TAG was observed in the restricted animals in
comparison with the control ones. This is probably a conse-
quence of maternal hypotriacylglycerolaemia observed in
the restricted sows(24). Maternal TAG are considered to be a
major source of energy and fatty acids for the developing
fetus(30,31), and thus low maternal and offspring TAG concen-
trations may be associated with a deficient development.
Piglets born to the restricted sows also exhibited a trend for
a lower plasma concentration of urea when compared with
the control piglets, suggesting a lower protein turnover, in
accordance with a thrifty metabolism.
Cortisol and corticosterone are the two main active physio-
logical glucocorticoids in the serum. Fetal cortisol values exhi-
bit a natural rise in late gestation, which has been linked to the
maturation of several organs and systems in the process of
preparation for delivery and postnatal life(32). In conditions
of maternal undernutrition, the induced maternal stress has
been reported to lead to a significant increase in the levels
of circulating endogenous glucocorticoids in both the
mother and the fetus(33,34). Moreover, sex-specific effects on
the hypothalamic–pituitary–adrenal axis and on the glucocor-
ticoid levels of adult offspring following prenatal stress have
been reported in rats(35,36), guinea pigs(37–39) and primates(40).
Excessive endogenous cortisol production is involved in
retarded fetal growth(33) and is considered to be one possible
mechanism involved in offspring metabolic programming fol-
lowing prenatal environmental insults(41). The present results
show that the concentration of cortisol increases significantly
in female descendants of the restricted mothers, which have
2-fold higher cortisol concentrations than the remaining
groups. The results are in agreement with a state of metabolic
stress affecting the female descendants of the feed-restricted
mothers. The differences observed in the concentration of cor-
tisol in the offspring could be due to placental exchange,
namely the impact of maternal serum levels, or to the intrinsic
fetal characteristics. Unfortunately, we had no access to the
serum samples of the pregnant sows at the end of pregnancy,
which would have been useful to evaluate the contribution
of maternal hormonal status to the differences observed in
the concentration of cortisol in the newborns. Nevertheless,
this limitation is partly compensated for by the inclusion of
the maternal effect (random litter effect) in the statistical
C. O´vilo et al.742
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analyses. Moreover, the female-specific effect observed on the
concentration of cortisol indicates an effect independent of
maternal influences, which should equally affect both the
sexes, unless a differential placental transfer according to the
fetus sex had occurred.
Hypothalamic gene expression in the newborns
and growth and fatness in adulthood
The Iberian pig breed is characterised by a great adipogenic
trend and a phenotypic pattern of leptin resistance(42–45).
The high voluntary feed intake observed in this breed despite
elevated leptinaemia indicates a defect in leptin signalling.
This defect is supposed to be related to a thrifty genotype(46),
secondary to polymorphisms in genes coding for energy bal-
ance regulation key proteins. Among them, a previously
identified variant in porcine LEPR gene(47,48) has an allele
fixed in Iberian pigs that results in an intense reduction of
its hypothalamic expression, also affecting the expression
of downstream genes and possibly leading to a reduction of
the ability of leptin to induce a central anorexigenic signal.
Thrifty genotypes have adapted over time to seasonal cycles
of feasting and famine by fixing allelic variants that lead to
efficient fat deposition during food abundance periods. The
results of the present study indicate that this genetic predis-
position for obesity may be further modulated by nutritional
influences in prenatal periods, as maternal energy restriction
seems to disturb the hypothalamic circuits that regulate energy
homeostasis, reducing the expression of genes involved in the
transmission of the leptin anorexigenic signal: the expression
of LEPR and POMC genes was down-regulated in the restricted
females and the same trend was observed for MC4R gene. The
reduction in the expression of LEPR and POMC genes was
intense as the restricted females exhibited approximately half
the expression exhibited by their control counterparts. The
limited number of animals studied may have affected our
capacity to significantly detect other smaller effects, which
could be very relevant from a biological point of view. The pre-
sent results are in agreement with the results of studies in rodent
models, in which maternal undernutrition programmes for a
positive energy balance favouring the hypothalamic orexigenic
pathways(15,16,49). The present results are also compatible
with the results of studies in intra-uterine growth-restricted
(IUGR) female piglets, in which a differential distribution of
LEPR-expressing cells was observed among the hypothalamic
nuclei and a lower expression of LEPR was observed in the
arcuate nuclei of IUGR females(50), which are the main nuclei
sampled in the present study.
Our previous work has established that nutritional restriction
in Iberian sows during the last two-thirds of gestation results in a
sex-specific differential effect on early postnatal catch-up
growth, from birth to weaning(24). The weight of the restricted
females, which was lowest at birth, reached that of the control
counterparts by the time of weaning. Moreover, in the present
study, the maternal undernutrition effect was also observed
on the phenotype of older animals, from weaning to 7 months
of age, with restricted females exhibiting the highest potential
for growth and fattening. This sex-specific effect on weight
gain and fattening is in agreement with the hypothalamic
gene expression findings. Restricted females exhibit a
change in hypothalamic gene expression compatible with a
programming effect that leads to a reduction of the
anorexigenic effects of leptin. Hyperphagic and anabolic
trends may be thus expected in these animals, which could
explain the differential growth and adiposity observed at early
postnatal and later ages. In fact, higher voluntary feed intake
is observed in the restricted female group during the ad libitum
feeding period, but the present results indicate a similar
response of a higher growth rate in the restricted females
during the two post-weaning feeding periods (restricted and
ad libitum), which supports the existence of metabolic adap-
tations towards a higher anabolism that are not dependent
only on voluntary feed intake.
Sexual dimorphism in response to nutritional and environ-
mental influences has recently been reported by human and
animal studies(51–53) and has been reported to be related to
a variety of factors including sex differences in the placental
function and a different adaptability of placentas to environ-
mental challenges depending on the fetus sex(54). Moreover,
transcriptomic and methylation studies also support this differ-
ent placental functionality conditional on the fetus sex(55,56).
Recently,(57) the placental renin–angiotensin system has
been shown to be regulated in a sex-specific manner. The
genes of this system have been postulated to play key roles
in placental angiogenesis(58), leading to the hypothesis of
placental sex-specific functional differences giving rise to
morphological differences in mechanisms as important as
vascularisation.
Additional mechanisms mediating the effects of maternal
undernutrition on fetal brain development may be secondary
to the well-known detrimental effects of excess glucocorticoid
exposure on the developing central nervous system(26,59).
In the present study, a significant increase in the plasma con-
centration of cortisol was observed in the restricted female
newborns. Glucocorticoid signalling is mainly regulated by
the HSD11B system. HSD11B type 1 mainly functions by con-
verting cortisone and 11-dehydrocorticosterone to their
biologically active forms cortisol and corticosterone,
respectively. Conversely, HSD11B type 2 inactivates bioactive
cortisol and corticosterone, acting as a glucocorticoid barrier.
We observed a significant down-regulation of the expression
of HSD11B1 in the restricted animals, which might result in
a counter-regulatory mechanism aimed at reducing the acti-
vation of the inactive glucocorticoid precursors and thus
limiting the negative effects of elevated concentrations of
cortisol at the hypothalamic level. On the other hand, the
elevated concentrations of cortisol observed in the females
could be a consequence of sex-specific placental deficiency
of the glucocorticoid-inactivating enzyme HSD11B2(33,41,60).
These results support the prenatal programming effect
observed in the restricted females being caused by excess glu-
cocorticoid exposure, due to stress-induced glucocorticoid
increase in feed-restricted mothers and offspring and probably
due to a different glucocorticoid regulation at the placental
level in both the sexes(54). Moreover, the morphometric
analysis carried out in the present study indicates that blood
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and nutrient supply to the brain is somewhat protected in the
restricted animals, as the development of the brain seems to
be not hampered in this group. Thus, we hypothesise that a
direct effect of maternal nutritional restriction is less likely to
play a main role in the determination of the hypothalamic
programming effects, although it may probably play a major
role in fetal growth restriction, as stated in previous works(41).
Maternal undernutrition is known to induce an overall loss of
DNA methylation in CpG dinucleotides of different gene
promoters involved in homeostasis and metabolism(34,61,62),
and variation in the expression or activity of DNMT1 has been
postulated as a possible link between maternal diet and epige-
netic regulation of gene expression in the fetus(9). Moreover,
high stress-induced corticosteroid levels may alter one-carbon
metabolism by reducing the availability of folic acid and could
also be related to the modulation of DNMT1. Nevertheless,
in the present study, no significant differences were detected
in the expression of DNMT1 and DNMT3A genes.
Conclusion
To the best of our knowledge, there are no previous works
that have been carried out in pigs genetically predisposed to
obesity, addressing the physiological and transcriptomic out-
comes of perturbations of the nutritional environment during
the fetal period. The present results support a direct involve-
ment of glucocorticoids, following nutritional metabolic
stress, as determinants of prenatal programming effects,
which are related to changes in the hypothalamic gene
expression of neurotransmitters involved in energy balance
regulation. The results of gene expression analyses are in
accordance with the programming of the female descendants
of undernourished Iberian sows for further positive energy
balance. The effects observed are translated into growth and
fattening changes in later postnatal ages, supporting the
higher predisposition to obesity in the restricted females.
A clear sex-specific effect was detected, which highlights the
necessity for analysing the sex effect as a key factor in prenatal
programming processes. These findings support the useful-
ness of the obese pig model employed for translational studies
focused on the mechanisms and consequences of prenatal
programming in human beings.
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New Findings
 What is the central question of this study?
What is the effect of prepuberal metformin therapy and lifestyle in an obese swine model
(Iberian gilts) with thrifty genotype on patterns of growth, fattening, metabolic status and
attainment of puberty?
 What is the main finding and its importance?
Anobesogenic diet haddeleterious effects on corpulence, adiposity andmetabolic parameters.
These features were favourably modulated by adequate lifestyle and metformin treatment,
which favouredmuscle deposition.However,metformin advanced the onset of puberty, which
wouldbeanegativeeffect.Thisprovidesawarningabout theuseofmetformin,without further
studies, in girls from ethnicities with thrifty genotype.
The prevention and treatment of obesity in children is based on adequate nutrition and exercise
plus antihyperglycaemic drugs. Currently, the incidence of childhood obesity is aggravated in
ethnicitieswith thriftygenotype,but there isnoavailable informationontheeffectsofmetformin
therapy.Therelative effectsof lifestyle andmetforminonpatternsofgrowth, fattening,metabolic
status andattainment of pubertywere assessed in females of anobese swinemodel (Iberian gilts),
allocated to three experimental groups (group A, obesogenic diet and scarce exercise; groupDE,
adequate diet and opportunity for exercise; and group DEM, adequate diet and opportunity
for exercise plus metformin). Group A evidenced high weight, corpulence and adiposity, high
plasma triglycerides and impairments of glucose regulation predisposing to insulin resistance.
These features were favourably modulated by adequate lifestyle (group DE), and these effects
were strengthened by metformin treatment (group DEM), which induced an improvement
in body development by favouring muscle deposition. However, contrary to expectations,
metformin advanced the onset of puberty. Metformin treatments would have positive effects on
growth patterns, adiposity andmetabolic features of young females from ethnicities with thrifty
genotype or developing leptin resistance, but a negative effect by advancing the attainment of
puberty. This study provides a warning regarding the use ofmetformin, without further studies,
in girls from these ethnicities.
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Introduction
Overweight children are prone to development of
cardiometabolic disorders in adulthood or, increasingly,
even in infancy or youth (Christiansen et al. 2004).
In girls, effects of obesity are worsened by precocious
menarche (Gonzalez-Bulnes et al. 2011; Chauhan &
Grissom, 2013). Childhood obesity has been consistently
identified with affluent social environments in highly
developed countries. However, it is currently spreading
socially and geographically and affecting children
from all social statuses and countries. In fact, close
to 35 of the 42 million of children with overweight
quoted by the WHO are living in developing areas
(http://www.who.int/dietphysicalactivity/childhood/en/);
with the main incidence being reported in Brazil (Flynn
et al. 2006), China (Li et al. 2012), India (Krishnaveni
et al. 2014) and Middle East countries (Al-Junaibi et al.
2013). In traditionally developed countries, there is also
a strong influence from ethnicity (Lo et al. 2013; Mendez
& Grissom, 2013), with immigrant populations showing
the highest incidence of obesity.
Currently, pharmacological treatments for avoiding
obesity and associated diseases in girls are based in the
use of oral antihyperglycaemic drugs, mainly metformin
[3-(diaminomethylidene)-1,1-dimethylguanidine], com-
bined with adequate nutrition and exercise (Knowler et al.
2002; Christensen et al. 2004). However, most of the data
obtained on pathophysiology and treatment of childhood
obesity have been acquired by observational studies, which
are usually biased by concurrent socio-cultural, economic
and behavioural factors (Dulin-Keita et al. 2013; Li et al.
2013,Mendez &Grissom, 2013).Moreover, children from
developing countries or immigrant to developed countries
are characterized by having intrinsic ethnic features but
also an environmentally related developmental challenge
(Shetty, 2012;Kong et al. 2013), descending fromancestors
adapted to food scarcity by developing a thrifty genotype
but currently exposed to excess of highly caloric diets.
Thus, there is an urgent necessity to develop specific
strategies for the treatment of these individuals. It
is, therefore, necessary to have an understanding
of the underlying biology of the disease (Anon.,
2013a,b), but thismakes necessary interventional research.
Interventional experimentation cannot be conducted in
humans because of ethical issues, so it needs to be
performed in animal models. Most of the studies have
been carried out on laboratory rodents but, currently,
different species and breeds of large animals are being
used (Bahr & Wolf, 2012). There are swine breeds, such
as the Iberian pig, with analogous conditions to those
cited for humans living in developing countries, i.e. ethnic
specificities (mainly, a high trend towards adiposity due to
a syndrome of leptin resistance similar to that described
in human medicine), a background of exposure to harsh
environments and food scarcity (with development of
a thrifty genotype) and current availability of nutrients
in excess. In fact, the Iberian pig is characterized as an
outstanding model for translational metabolic studies
(Torres-Rovira et al. 2012), showing, in addition, juvenile
adiposity and precocious puberty (Gonzalez-An˜over et al.
2010, 2012; Torres-Rovira et al. 2013).
Thus, in view of the limited experimental information
on the effects of metformin treatments on the juvenile
and adult phenotypes of individuals affected by a genetic
predisposition to obesity (i.e. thrifty genotype), we aimed
to determine the relative effects of adequate nutrition
and opportunity for exercise, as well as oral metformin
treatments, onpatterns of growth and fattening,metabolic
status and attainment of puberty of Iberian gilts, a swine
model affected by a strong genetic trend to obesity.
Methods
Ethical approval
The experimentalworkwas carried out at the INIAAnimal
Unit, under aproject licence assessed andapproved (report
CEEA 2010/003) by the Spanish National Institute for
Agrarian Research (INIA) Committee of Ethics in Animal
Research in agreement with the Spanish Policy for Animal
Protection RD1201/05, which meets the European Union
Directive 86/609.
Animals and handling
The experiment included the juvenile phase (60–240 days
of age) and the adulthood (290 days old) of a total of
23 Iberian gilts of different litters but similar mean body
weights at birth and weaning (1.4 ± 0.3 and 8.5 ± 0.2 kg,
respectively), divided into three experimental groups. The
first group (group A; n = 7) was allocated to a collective
pen with3 m2 of surface per animal and had ad libitum
access to a standard diet but containing mean values of
6.3% of fat and 3.36 Mcal kg−1 of metabolizable energy to
allow the expression of obesity. Food consumption in this
group was estimated to be 2–4.5 kg day−1 per animal,
depending on age. The second and third groups (groups
DE and DEM; n = 8 gilts in each group) were allocated
to separate collective pens with 7 m2 of surface per
animal (between sevenfold and 12-fold, depending on age,
of the surface indicated by welfare regulations). Groups
DE and DEM were fed with a standard diet containing
2.8% of fat and 3.08 Mcal/ kg−1 of metabolizable energy;
the amount of food offered was recalculated with age
to fulfil daily maintenance requirements (from 1.5
to 2.5 kg day−1 per animal). Furthermore, during the
experimental period, groupDEMgilts receivedadailydose
of 850 mg of metformin per animal (Dianben R©; Merck
C© 2014 The Authors. Experimental Physiology C© 2014 The Physiological Society
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Serono, Madrid, Spain), by individually top-dressing over
the morning feed.
Evaluation of growth pattern and corpulence
Body weight and size (thoracic and abdominal
circumferences) were measured monthly from 28 to
240 days old and thereafter at 290 days old, in all the
gilts. Data from weight and body sizes were inserted into
two formulae for calculating body mass index (BMI).
The first formula (BMI1)was extrapolated fromhuman
clinical studies, as follows:
Weight (in kilograms)
/
Length2 (inmetres squared)
The second formula (BMI2) takes into account the
trunk volume, as follows:
Weight (in kilograms)
π/3 × Length × [(TC/2π)2 + (AC/2π)2 142 + (TC/2π π AC/2π)]
where TC and AC are thoracic and abdominal
circumferences, respectively.
Evaluation of adiposity
Subcutaneous fat depth was evaluated monthly, from
60 days of age to the end of the study (290 days old),
with a SonoSite S-Series ultrasound machine equipped
with a 5–8MHz linear array probe (SonoSite Inc., Bothell,
WA, USA), as previously described (Barbero et al. 2013).
At adulthood (290 days old), subcutaneous and visceral
fat depots were assessed by magnetic resonance imaging
(Fig. 1) with a Panorama 0.23 T scanner with a body/spine
XL coil (Philips Medical Systems, Best, The Netherlands)
as previously described (Barbero et al. 2013).
Evaluation of metabolic status
Blood samples were drawn after a fasting period of around
18 h, monthly from 120 to 240 days old and thereafter at
290 days of age, by jugular venopuncture with 5 ml sterile
heparin blood vacuum tubes (VacutainerTM Systems
Europe; Becton Dickinson, Meylan Cedex, France).
Immediately after sampling, the blood was centrifuged
at 1500g for 15 min and the plasma separated and stored
at −20°C until assayed.
Parameters related to metabolism of glucose (glucose
and fructosamine) and lipids [(triglycerides, total
cholesterol, high-density lipoproteins–cholesterol (HDL-
cholesterol) and low-density lipoproteins–cholesterol
(LDL-cholesterol)] were assessed, monthly from 120 to
240 days–old and at 290 days of age, by analysing
plasma sampleswith a clinical chemistry analyser (Saturno
300 plus; Crony Instruments s.r.l., Rome, Italy), as
previously described (Torres-Rovira et al. 2012).
Insulin secretion was evaluated at 120, 210 and
290 days of age with a porcine insulin enzyme-linked
immunosorbent assay kit (Mercodia AB, Uppsala,
Sweden); the assay sensitivity was 0.26 i.u. l−1 and the
intra-assay variation coefficient was 3.5%. Occurrence of
changes in β-cell function and insulin resistance (IR) was
assessedby thehomeostasismodel assessment (HOMA-IR
and HOMA-β; Torres-Rovira et al., 2012). Furthermore,
an oral glucose tolerance test was performed at adulthood
(290 days of age) using the protocol described by Torres
Rovira et al. (2012).
Finally, plasma concentrations of leptin were assessed
at 120, 180 and 290 days of age using the multi-species
leptin radio-immunoassay kit (Demeditec Diagnostics
GmbH, Kiel-Wellsee, Germany); the assay sensitivity was
1.0 ngml−1 and the intra-assay coefficient of variationwas
3.1%.
Evaluation of reproductive status
The criteria used for determining the occurrence of
puberty was an increase in plasma progesterone levels
above 2.0 ng ml−1 for at least two consecutive samples
taken every 2 weeks (Torres-Rovira et al. 2012);
progesterone was measured in a single analysis using
an enzyme immunoassay kit (Demeditec Diagnostics
GmbH); assay sensitivity was 0.045 ng ml−1 and the
intra-assay coefficient of variation was 5%.
Statistical analyses
The effects of treatments on body weight, fat content and
metabolic features were assessed by analysis of variance
for repeated measures (split-plot ANOVA). Analyses of
variance (ANOVAs) were used to determine the effect
of the treatments on age and weight at the onset of
puberty and relative percentages within age and weight
at attainment of puberty; Duncan’s post hoc test was
performed to contrast the differences among groups.
Statistical analysis of results expressed as percentages was
performed after arc-sine transformation of the values, for
each individual percentage. Results were expressed as the
means ± SEM, and statistical significance was accepted
from P < 0.05.
Results
Effects on growth patterns and adiposity
Therewere significant differences in the bodyweight of the
gilts from 90 days of age (Fig. 2), when the mean weight
of gilts in group A was similar to those in group DE but
lower than those in group DEM (P < 0.05); there were no
significant differences between groups DE and DEM. The
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same pattern was found at 120 days of age, whilst weights
were similar in all the groups at 150 days of age. From
180 to 240 days of age, the mean weights were similar in
groups A and DEM; during this period, gilts in group DE
were always significantly lighter than those in group DEM
(P< 0.05 at 180 and210days andP< 0.01 at 240days), but
differences from group A reached statistical significance
only at 240 days of age (P < 0.0005). At adulthood
(290 days of age), gilts in group A were heavier than
those in groups DE and DEM (P < 0.0001 and P < 0.001,
respectively), while gilts in group DEM continued to be
heavier than those in group DE (P < 0.001).
The changes in body size over time and the differences
among groups were similar to the described changes in
body weight. The values for body volume in the groups A
and DEM reached statistically significant differences from
group DE at 180 and 210 days (P < 0.05). From day 240
onwards, gilts in group A showed a higher volume than
those in groups DE and DEM (P < 0.01 and P < 0.05,
respectively), and gilts in group DEM continued to be
larger than those in group DE (P < 0.05).
The values of BMI1 were similar in groups A and DEM
and higher in both these groups than in group DE from
210 days old and throughout the period of adulthood of
the study (P < 0.05), whilst values for BMI2 were similar,
for the whole time, among groups.
The depth of subcutaneous dorsal fat, measured by
ultrasonography, was similar in all the groups from 60 to
210 days of age (Fig. 3). In contrast, at 240 and 290 days of
age, the amount of subcutaneous fat was higher in gilts of
group A than in those of groups DE and DEM (P < 0.005
and P < 0.05, respectively; Fig. 3), without differences
between these two groups.
The assessment of subcutaneous abdominal fat depth
and visceral fat depots, measured by magnetic resonance
imaging at 290 days old, also showed higher values in
group A than in the other two groups (P < 0.05; Fig. 3),
without significant differences between groups DE and
DEM.
Effects on metabolic features
Plasma leptin concentrations showed a significant increase
with age in the three groups (P < 0.0001), with
significantly higher levels of leptin in group A than in
the other two groups at 180 and 290 days of age (P< 0.05;
Fig. 4).
Plasma concentrations of glucose and insulin showed
similar values among groups throughout the period
of study (Fig. 5) and, thus, there were no differences
in HOMA-IR and HOMA-β indexes among groups
at any time point of the study. Plasma fructosamine
concentrations showed an analogous pattern to glucose,
with similar values among groups except for particularly
higher values in group DE gilts at 180 days of age and
group DEM gilts at 290 days of age (P < 0.05 for both).
The oral glucose tolerance test (Fig. 6) showed
that, in gilts of groups DE and DEM, plasma glucose
levels increased significantly after glucose administration
but rapidly diminished to initial values after a
well-characterized acute insulin response. In group A,
fasting levels of glucose and insulin were higher than those
in groups DE and DEM (P < 0.05). After the glucose
challenge, the response to the oral glucose tolerance
test in group A was adequate in 60% of the animals
(Fig. 6C); however, the remaining 40% of gilts in group A
Figure 1. Anatomical references formeasuring subcutaneous and visceral fat depots by ultrasonography
(A) and magnetic resonance imaging (B and C), in one gilt of group A (left image) and in one gilt of
group DEM (right image)
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showed deficient glucose elimination, needing a high
insulin secretion (Fig. 6D). Concomitantly, these gilts had
higher adiposity and higher leptin secretion than gilts with
adequate glucose elimination (P < 0.05).
Parameters related to lipid metabolism (Fig. 7) showed
no significant differences among groups, except for higher
plasma triglyceride concentrations in gilts of group DE
than in those of groups A and DEM at 180 days of age
(P < 0.05). At that age, plasma values for total cholesterol
were similar among groups; however, the group DE gilts
showed lower concentrations of HDL-cholesterol and
higher values of LDL-cholesterol, and therefore a higher
LDL-cholesterol/HDL-cholesterol ratio, than the other
two groups (P < 0.05). In contrast, plasma triglyceride
concentrations were higher in the group A gilts than in
gilts of the other two groups from 210 days of age, with
differences reaching statistical significance at 240 days
(P < 0.001 for group DE and P < 0.005 for group DEM).
Effects on attainment of puberty
There were significant differences among groups in age at
onset of puberty. Some of the gilts in group A, those with
higher body weight, adiposity and leptin secretion and
altered glucose tolerance, reached puberty earlier than the
gilts in groupsDE andDEM (Fig. 8). However, afterwards,
62.5% of the gilts in group DEM reached puberty before
210 days old and all of them were cycling at 230 days old;
hence, the mean age at puberty in group DEM was lower
(208.1 ± 2.9 days old, P < 0.05) than in groups A and DE
(224.2 ± 8.9 and 223.7 ± 6.8 days of age, respectively).
Discussion
On the one hand, the results of the present study
support the positive effects of lifestyle (adequate diet and
opportunity for exercise) on growth patterns, adiposity
and metabolic features, during juvenile periods and
early adulthood, of individuals affected by a genetic
predisposition to obesity. On the other hand, the present
experiment provides new information on the effects of
metformin on patterns of juvenile growth and fattening
and,mainly, on attainment of puberty of these individuals.
A possible weakness of the present study, arising from an
experimental point of view, is the lack of a fourth group
assessing features of gilts exposed to an obesogenic diet
and lifestyle and treated with metformin. However, from
a translational point of view, such a group is not useful;
in girls with a tendency to obesity, diets may be restrained
0
20
40
60
80
100
120A
C
B
D
28 60 90 120 150 180 210 240 290
W
ei
gh
t (
kg
)
Days of age
A
DE
DEM
10
20
30
40
50
60
70
80
90
100
60 90 120 150 180 210 240 290
B
M
I1
Days of age
A
DE
DEM
*
*
*
0
20000
40000
60000
80000
100000
120000
140000
60 90 120 150 180 210 240 290
V
ol
um
e 
(c
m
2 )
Days of age
A
DE
DEM
*
*
*
*
8.0
9.0
10.0
11.0
12.0
13.0
14.0
60 90 120 150 180 210 240 290
B
M
I2
Days of age
A
DE
DEM
Figure 2. Changes over time in the mean values (±SEM) for body weight and volume (A and B,
respectively) and body mass indexes BMI1 and BMI2 (C and D, respectively) in gilts confined and fed
an obesogenic diet ad libitum (group A; continuous line) and gilts with opportunity for exercise and a
controlled non-obesogenic diet, treated or not with metformin (groups DEM and DE; discontinuous and
dotted lines, respectively)
Asterisks indicate significant differences among groups (P < 0.05).
C© 2014 The Authors. Experimental Physiology C© 2014 The Physiological Society
1246 Exp Physiol 99.9 (2014) pp 1241–1252S. Astiz and others
and exercise promoted concomitantly with metformin
treatment.
In brief, supporting previous evidence from our group
(Torres-Rovira et al. 2013), a high intake of an obesogenic
diet (group A) induces lower body weight and size at early
stages of development but higher weight, corpulence and
adiposity at late juvenile and adult stages. Furthermore,
these females show evidence of leptin resistance (high
food intake in spite of increased leptin levels) and, in
consequence, developobesity (specifically, central obesity)
in early adulthood. Moreover, these obese gilts have high
plasma triglyceride concentrations, and around a half of
them are affected by impairments of glucose regulation,
predisposing them to insulin resistance. In summary,
some of these animals are developing the prodrome of
a metabolic syndrome at an early age.
Corpulence and obesity of individuals genetically
prone to obesity were favourably modulated, in the
present study, by adequate nutrition and opportunity
for exercise (group DE). In our trial, positive effects
of adequate lifestyle were strengthened by metformin
treatment (group DEM), which induced a remarkable
improvement in body development. In brief, during early
juvenile stages, body weight and size were greater in
group DEM gilts than in group DE and were similar to
group A gilts (group DEM gilts had the same amount of
food as group DE animals and almost half the amount of
food as those in group A, which were eating a high-caloric
diet). At adulthood, group A gilts showed higher body
weight and corpulence than group DEM and DE animals,
while weight and size were still greater in the group DEM
gilts than in those of group DE. Increases in weight and
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corpulence of group DEM gilts, in contrast to gilts in
group A, were not accompanied by increases in adiposity
at either subcutaneous or visceral–central depots.
Thus, the positive influences of metformin on body
development and adiposity found in the present study
support previous data in animal models (Tong et al.
2011; Jenkins et al. 2012) and resemble previous evidence
in human medicine (Love-Osborne et al. 2008; Kim &
Caprio, 2011), reinforcing the usefulness of metformin
treatment for favouring body growth and therefore
opening the possibility of increasing adult body size
(height in humans) without increasing total and visceral
fat (Iba´n˜ez et al. 2008).
At the same time, the present results suggest two
different effects of metformin on body growth and
corpulence; metformin would avoid fat deposition
during juvenile growth and adulthood and, concurrently,
Figure 4. Mean values (±SEM) for plasma leptin concentration
at three selected stages (10, 180 and 290 days of age) in gilts
confined and fed an obesogenic diet ad libitum (group A, filled
bars) and gilts with opportunity for exercise and a controlled
non-obesogenic diet, treated or not with metformin (groups
DEM and DE; open and grey bars, respectively)
Different letters (a, b) indicate significant differences among
groups (P < 0.05).
would favour muscle development at earlier stages of
development. In human medicine, metformin treatment
has shown to induce a lower amount of the total, visceral
and hepatic adipose tissue of growing girls (Iba´n˜ez et al.
2004, 2005, 2011;Mauras et al. 2012). There are no specific
studies about possible effects of metformin on muscle
development in growing individuals. The only available
information on the effects of metformin originates from
data in patients with severe burn injuries (Gore et al.
2005) or sarcopenia (Lee et al. 2011), indicating that
metformin attenuates the loss of muscular mass. The
mechanism of this effect is not yet known but may be
related to increases in net muscle protein anabolism by
enhancing the availability of energy within the muscle.
These increases in available energy may be due to higher
peripheral glucose disposal (Galuska et al. 1991) and
higher insulin sensitivity via stimulationofAMP-activated
protein kinase (Musi et al. 2002) and/or by enhanced gene
expression of peroxisome proliferator-activated receptors
(Suwa et al. 2006), which are involved in myogenesis and
muscle development (Yessoufou & Wahli 2010; Bonala
et al. 2012). These mechanisms may also be involved
in the enhanced muscle development during juvenile
growth.
The results of the oral glucose tolerance test performed
in the present study indicate impairments of glucose
regulation in50% of the gilts in group A, whilst none of
the gilts in groups DE and DEM showed evidence of this
disorder. Moreover, the gilts in group A showed a higher
atherogenic lipid profile than the gilts in groups DE and
DEM. These results are in agreement with data in humans
indicating increases in insulin sensitivity and decreases
in lipogenic profiles induced by exercise and diet and
by metformin treatment (Iba´n˜ez et al. 2008; Malin et al.
2012).
In summary, there are notable improvements of
metabolic features when gilts of thrifty genotype have
adequate diet, in quality and quantity, together with
Figure 5. Mean values (±SEM) over time for plasma glucose, insulin and fructosamine concentrations in
gilts confined and fed an obesogenic diet ad libitum (group A, filled bars) and gilts with opportunity to
exercise and a controlled non-obesogenic diet, treated or not with metformin (group DEM, open bars;
and group DE, grey bars)
Different letters (a, b) indicate significant differences among groups (P < 0.05).
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opportunity for exercise, as already demonstrated in
humans (Reinehr, 2013); the treatment of these gilts
with metformin does not represent any added value
to the improvement in metabolic status obtained by
diet and exercise. In girls, there is clear evidence of
significant health improvements with weight loss and
exercise in both obese prepubertal and obese pubertal
girls (Wabtisch et al. 1995; Reinehr et al. 2005; Hoeger
et al. 2008). In adults, comparative studies between diet
and exercise and metformin treatments showed similar
results (Malin et al. 2012; Rynders et al. 2012) or even
better results from lifestyle modifications (Knowler et al.
2002). Nevertheless, pharmacological treatment is usually
advised in children due to the fact that they have more
acute symptoms at presentation of metabolic disorders
than adults (Christensen et al. 2004), the fact that lifestyle
interventions are successful in only a subgroup of children
(Reinehr, 2013) and due to the previous records of positive
effects frommetformin treatment (Ong et al. 2007; Iba´n˜ez
et al. 2004, 2006, 2010, 2011). However, somemembers of
the medical community (Christiansen et al. 2004; Geller
et al. 2011) have expressed concerns about the suitability
of metformin treatment. Thus, currently, a great effort is
being made to reinforce changes in lifestyle, in order to
avoid pharmacological treatments.
In this regard, the most outstanding finding of the
present study is the significantly advanced onset of
puberty in the metformin-treated gilts when compared
with the other two groups, which is a surprising
outcome because the opposite effect was expected, in
line with data in humans (Iba´n˜ez et al. 2006, 2011).
In agreement with previous studies (Torres-Rovira et al.
2013), some of the females eating the obesogenic diet
showed greater fattening and, thus, an earlier onset of
puberty. Traditionally, attainment of puberty, in all the
mammals, has been considered to be determined by
body development and composition (e.g. absolute and
relative amounts of fat) through indirect signalling by
the hormone leptin (Tena-Sempere, 2012); however, there
is increasing evidence of a more complex regulatory
effect from growth rate and metabolic status through
insulin/insulin growth factor signalling (IIS; Jasik&Lustig,
2008; Walkiewicz & Stern, 2009); in this way, increased
secretion of insulin or insulin growth factor and/or
increased activation of IIS may facilitate the onset of
puberty. The results of the present study support this
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Figure 6. Changes in plasma concentrations of glucose (continuous lines) and insulin (dotted lines)
over time after oral administration of 2 g (kg live weight)−1 of D-glucose in gilts with opportunity for
exercise and controlled non-obesogenic diets, treated or not with metformin (groups DEM and DE; A
and B, respectively) and gilts confined and fed an ad libitum obesogenic diet (group A; C and D)
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hypothesis, because puberty was advanced in the gilts of
group A with increased insulin secretion and impaired
glucose regulation and, at the same time and despite
a lack of differences among groups, puberty was also
advanced in gilts treated with metformin, which is an
insulin-sensitizing agent.
At the same time, our results provide a warning
regarding the use of metformin without further studies
in girls from ethnicities that may have developed thrifty
genotype or in girls with some degree of leptin resistance.
In both cases, the functionality of the leptin system is
affected and, hence, menarche might be more dependent
on insulin/insulin growth factor signalling. In agreement
with the present results, treatment of these girls with
metformin, conversely to intent,might advancemenarche;
an undesirable effect. Thus, the medical relevance of these
findings for human medicine should be expanded by
further translational research.
In conclusion, the results of the present study
demonstrate significant positive effects of lifestyle (diet
and exercise) on patterns of growth, fattening and
metabolic features during infancy and youth of gilts with
a genetic predisposition to obesity. The administration of
metformin to individuals with adequate lifestyle favours
body development without fat deposition; however, there
are no additional benefits to lifestyle on the metabolic
features. In contrast, metformin treatment significantly
Figure 8. Cumulative percentage of individuals attaining
puberty over age in gilts confined and fed an obesogenic diet
ad libitum (group A, filled bars) and gilts with opportunity for
exercise and a controlled non-obesogenic diet, treated or not
with metformin (group DEM, open bars; and group DE, grey
bars)
Different letters (a, b) indicate significant differences among
groups (P < 0.05).
Figure 7. Mean values (±SEM) over time for plasma triglycerides (A), and total (B), high-density
lipoprotein (HDL; C) and low-density lipoprotein (LDL)–cholesterol concentrations (D) in gilts confined
and fed an obesogenic diet ad libitum (group A, filled bars) and gilts with opportunity for exercise and
a controlled non-obesogenic diet, treated or not with metformin (group DEM, open bars; and group DE,
grey bars)
Different letters (a, b) indicate significant differences among groups (P < 0.05).
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advances puberty attainment, which constitutes a very
undesirable effect of the therapy. Hence, our study
stresses, with experimental evidence, the necessity of
more translational studies to ascertain and understand
the possible genetically related differences in the response
to treatments with insulin sensitizers.
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